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Abstract 
 
In this thesis, the potential of polarized Raman spectroscopy to obtain more detailed 

information about meat spoilage mechanism was demonstrated. To achieve this goal, a 

microsystem diode laser with an emission wavelength of 671 nm was utilized as 

excitation light source. The laser power at the sample was set to 50 mW enabling 

measurement times of 1 to 5 s for one Raman spectrum. As examples of red and white 

meat, fresh muscles of pork and turkey were chosen. Using principal components 

analysis (PCA), a detection of the microbial spoilage on the meat surface in relation to 

the relevant limit of 106 cfu/cm2 was realized. Furthermore, a decrease of the anisotropy 

in the Raman spectra was found during storage. The strong fluorescence interference 

recognizable after about 10 days of storage obscured the polarization information 

detected from the meat surface and thus can be considered as a new indicator for meat 

spoilage.  

The investigations were extended to probe the spoilage status and the optical anisotropy 

of the exotic meat species crocodile, camel, python, and zebra. A small difference 

between the anisotropic properties of the muscle fibers of crocodile, python, and zebra 

was found, while the anisotropic features of camel muscle fibers were completely 

obscured by a pronounced fluorescence background resulting from the high myoglobin 

content in camel meat.  

Applying a microsystem diode laser with two emission lines at 670.8 nm and at 671.3 

nm, shifted excitation Raman difference spectroscopy (SERDS) was implemented for 

polarization investigation of pork meat. Using this technique, the measurement of two 

orientations of muscle fibers (parallel and perpendicular to the polarization direction of 

the laser beam) enabled a clear identification of orientation-sensitive Raman bands. 

Here, the amide I band at 1650 cm-1, the amide III band at 1312 cm-1, and C-C 

stretching vibrations at 943 cm-1 and 909 cm-1 attributed to α-helical proteins, as well as 

the CH2 bending vibration at 1450 cm-1 were determined. Additionally, the PCA of the 
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SERDS spectra revealed a distinction of edible meat from spoiled samples resulting 

from a decrease of the signal-to-background-ratio of the spectra during storage.  

For the first time, a non-invasive approach for simultaneous meat species identification 

and spoilage detection was successfully demonstrated for the closely related species 

beef and horse. The species distinction was based on differences in the myoglobin 

content which could be confirmed by characteristic myoglobin signals in the Raman 

spectra while the signal-to-background-ratio of the meat Raman spectra affected by 

storage time was determined as indicator for spoilage. Additionally, the effect of frozen 

storage on fresh turkey and pork meat was investigated using Raman spectroscopy. In 

contrast to the fresh meat, the frozen-thawed specimens exhibited a clear decrease of the 

net intensity of the characteristic protein bands during storage time. Moreover, using 

PCA a clear discrimination between the fresh and the frozen-thawed meat was found for 

all days of storage. 
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Zusammenfassung 
 
In der vorliegenden Arbeit konnte das Potential der polarisationsabhängigen Raman-

spektroskopie zum Erhalt detaillierterer Informationen über den Verderbnisprozess von 

Fleisch demonstriert werden. Um dieses Ziel zu erreichen, wurde ein Mikrosystem-

Diodenlaser mit einer Emissionswellenlänge von 671 nm als Anregungslichtquelle 

eingesetzt. Die optische Leistung am Ort der Probe wurde auf 50 mW eingestellt, um 

Messzeiten von 1-5 s für ein Ramanspektrum zu ermöglichen. Als Beispiele für rotes 

und weißes Fleisch erfolgte die Auswahl frischer Muskel vom Schwein sowie von der 

Pute. Unter Verwendung der Hauptkomponentenanalyse (PCA) konnte ein Nachweis 

des mikrobiellen Verderbs auf der Fleischoberfläche bezüglich des relevanten 

Grenzwertes von 106 KbE/cm2 realisiert werden. Weiterhin zeigte sich im Verlauf der 

Lagerung eine Abnahme der Anisotropie in den Ramanspektren. Der nach einer 

Lagerdauer von rund 10 Tagen auftretende, starke Fluoreszenzeinfluss überdeckte die 

von der Fleischoberfläche erfassten Polarisationsinformationen und kann daher als 

neuartiger Indikator für den Fleischverderb angesehen werden. 

Die Untersuchungen wurden auf die exotischen Tierarten Krokodil, Kamel, Python 

sowie Zebra ausgedehnt, um auch hier Verderbnisstatus und optische Anisotropie zu 

überprüfen. Für das Fleisch von Krokodil, Python und Zebra zeigten sich dabei geringe 

Unterschiede hinsichtlich der anisotropen Eigenschaften. Im Gegensatz dazu wurden die 

anisotropen Merkmale der Muskelfasern beim Kamelfleisch durch einen ausgeprägten 

Fluoreszenzuntergrund, bedingt durch den hohen Myoglobingehalt, vollständig 

überdeckt. 

Mit Hilfe eines Mikrosystem-Diodenlasers mit zwei Emissionswellenlängen bei 670,8 

nm und 671,3 nm konnte die Shifted Excitation Raman Difference Spectroscopy 

(SERDS) für polarisationsabhängige Untersuchungen an Schweinefleisch implementiert 

werden. Durch Anwendung diese Technik ermöglichte die Messung zweier 

Ausrichtungen der Muskelfasern (parallel sowie senkrecht zur Polarisationsrichtung der 

Laserstrahlung) eine eindeutige Identifikation orientierungsabhängiger Ramanbanden. 

Hierbei konnten die α-helikalen Proteinen zugeordneten Amid I- und Amid III-Banden 
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bei 1650 cm-1 und 1312 cm-1 sowie C-C-Streckschwingungen bei 943 cm-1 und 909 cm-

1, als auch eine CH2-Biegeschwingung bei 1450 cm-1 ermittelt werden. Die PCA-

Auswertung der SERDS-Spektren zeigte zudem anhand eines im Verlauf der Lagerung 

abnehmenden Signal-zu-Untergrund-Verhältnisses der Spektren eine Unterscheidung 

von verzehrsfähigem Fleisch und bereits verdorbenen Proben.    

Erstmalig konnte für die ähnlichen Tierarten Rind und Pferd ein zerstörungsfreier 

Ansatz zur simultanen Tierart-Identifikation und Verderbnisdetektion erfolgreich 

demonstriert werden. Die Unterscheidung der Tierarten basierte dabei auf 

Unterschieden im Myoglobingehalt, was anhand charakteristischer Myoglobinsignale in 

den Ramanspektren bestätigt werden konnte. Als Indikator für den Verderb konnte 

hingegen das durch die Lagerdauer beeinflusste Signal-zu-Untergrund-Verhältnis der 

Fleischspektren ermittelt werden. Weiterhin wurden Ramanspektroskopische 

Untersuchungen zum Einfluss des Einfrierens während der Lagerung von frischem 

Schweine- und Putenfleisch durchgeführt. Im Gegensatz zum frischen Fleisch zeigten 

die eingefrorenen und wieder aufgetauten Proben mit zunehmender Lagerdauer eine 

deutliche Abnahme der Nettointensität der charakteristischen Proteinsignale. Zusätzlich 

ergab die PCA-Auswertung unabhängig vom Probenalter eine klare Unterscheidung 

zwischen frischem und gefroren-aufgetautem Fleisch.  
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1 Introduction 

1.1 Motivation 
 
Meat is considered as a major source of proteins for human being. Due to its sensitive 

exposure to contamination, meat and poultry products have growingly attracted a great 

deal of attention.  

Due to increasing concerns of meat safety it is of great importance to improve our 

knowledge of the changes occurs in its compositions under the effect of storage 

processes for different types of animals.  

To gain insight into the mechanism of meat spoilage, a study of the change of the 

muscle fiber properties is required. Muscle fiber with its high organization consists of 

thousands of myofibrils [1, 2]. Myofibrils are strongly birefringent due to their 

anisotropic bands, and this enables them to be investigated with polarized light [3]. 

Moreover, the α-helical segments of the fibrous protein assemblies are highly oriented 

along the fiber axis which causes optical anisotropy [4, 5]. Thus, applying polarized 

light, data about the muscle fiber orientation and order can be obtained. In the aim of 

polarization investigation, a study performed to investigate the orientation of muscle 

fibers using polarized photometric light [6].  

However, spectroscopic methods are instantaneous, non-destructive, and can be used for 

rapid screening purposes. Here, polarized front face fluorescence was used to assess the 

angular anisotropic distribution of the detected intensities of oriented muscle fibers [7]. 

Nevertheless, fluorescence spectroscopy is biased by thermal variations requiring 

careful control of the temperature [8]. As a primary study for the possibility to use near 

infrared (NIR) spectroscopy in meat tenderness investigation, measurements were 

performed on pork and beef muscles [9]. It was found that using polarized light on 

stretched sarcomeres increased the detectable levels of backscattered NIR. However, a 

major drawback of infrared spectroscopy is the high absorption of water [10]. Hence, 

due to the fact that fresh meat consists of roughly 75 % water, this technique is difficult 

to measure meat muscle fibers [11].  
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Within the scope of meat safety, many studies were performed to detect the adulteration 

of meat. Here, Different analytical methods have been addressed for the aim of meat 

species identification, such as electrophoresis [12, 13], immunology [14, 15], and real-

time polymerase chain reaction (PCR) [16-18]. However, most of these techniques are 

destructive, expensive and time-consuming, making them unsuitable for online 

applications. However, many spectroscopic methods were performed to differentiate 

between animals species. The differentiation of beef and kangaroo meat was studied by 

VIS and NIR reflectance spectroscopy [19] or the identification of cattle, lama, and 

horse meat using NIR reflectance and transflectance spectroscopy [20]. The adulteration 

detection of minced beef meat with horse meat and fat was reported by means of MIR 

spectroscopy [21]. 

In the context about meat adulteration debate, the difference between fresh and frozen 

meat is also concerns consumers. As frozen meat is often sold at much lower market 

price than fresh meat, there is a need for a reliable test to discriminate between fresh 

chilled meat and thawed meat. Here, different analytical possibilities for the 

determination of fresh and frozen-thawed meat and of the actual frozen storage time are 

described [22]. The analytical methods most often performed are enzymatic [23-26], 

DNA based [27, 28]. Moreover, spectroscopic methods were also applied to 

differentiate between fresh and frozen-thawed meat of visible/near infrared reflectance 

spectroscopy [29, 30] and infrared spectroscopy [31]. 

Besides the previous methods Raman spectroscopy is a tool in order to obtain detailed 

information about molecular vibrations, i.e. the Raman spectra provide specific 

fingerprints of the molecular structure and the biochemical compositions of meat. 

Furthermore, Raman spectroscopy exhibits only a weak signal of water in the spectral 

range from 700 to 1800 cm-1 at around 1650 cm-1 which is not disturbing as it is in IR 

spectroscopy. As the spectral region from 700 to 1800 cm-1 exhibits the main spectral 

structures of meat. Furthermore, by means of Raman spectroscopy the secondary 

structure of the polypeptide’s backbone of proteins can be characterized [32, 33]. 
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Moreover, Raman spectroscopy has been proved as a viable tool for rapid detection of 

meat spoilage [34-36]. 

The sensitivity of polarized Raman spectroscopy has been proved on biological tissues 

for the investigating of structured materials [37]. The polarized Raman spectra of 

glycerinated and intact muscle fibers of the giant barnacle showed that the 

conformation-sensitive amide I, amide III and C-C stretching modes yielded higher 

Raman intensities when the polarization of excitation laser and the scattered light were 

parallel to the muscle fiber axis compared to a perpendicular orientation [38]. 

1.2 Aim of the thesis 
 
In this thesis, by means of polarized Raman spectroscopy, the anisotropic changes in 

Raman spectra of red and white meat of two orientations of the muscle fibers (parallel 

and perpendicular) are investigated. This work intends to highlight the utility of 

polarized Raman spectroscopy as a potential tool in the study of the anisotropy of 

muscular structures during storage time.  

Another aim in this work is to study the effect of subtracting fluorescence background 

from the data by applying Shifted Excitation Raman Difference Spectroscopy (SERDS) 

on the Raman spectra of two orientations of muscle fibers of pork meat undergoing 

storage effect. Where previously it was found that by means of SERDS a clear 

identification of all Raman bands can be obtained [39]. 

Furthermore, in order to investigate the two effects of storage time and myoglobin 

concentration on the anisotropy of muscle fibers of each of the exotic meat species of 

crocodile, python, zebra, and camel, this work presents a polarization study of Raman 

investigation for each of these species in dependence on storage time.  

Within the context of meat adulteration using Raman spectroscopy previous 

investigations were performed on beef, pork, chicken and turkey [40, 41]. Nevertheless, 

none of these studies have been addressed quality detection of examined meat 

conjugated with species identification. In this thesis, Raman study for the adulteration 



8 
 

of the two closely related species beef and horse meat combined with quality detection 

for both meat species is demonstrated.  

On the other hand, previously it was found that Raman spectroscopy technique is 

sensitive to the changes induced by freezing and thawing [42]. For the object to 

discriminate between fresh and frozen-thawed meat and to detect the quality of this 

meat, a time-dependent Raman investigation on fresh and frozen-thawed pork and 

turkey meat is presented.  
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2 Principles of measurements 

2.1 Raman scattering 

2.1.1 Raman theory 
 
The collision between light and molecules can be classified as two categories of elastic 

and inelastic collision [43]. An elastic collision is defined as there is no loss in the 

photon energy in the collision. Rayleigh scattering is an example of the elastic 

scattering which can be seen in the blue sky. In the inelastic collision a part of the 

photon energy is transferred to some other form of energies. Raman scattering is 

classified as an inelastic energy scattering of light interacting with molecules [44, 45]. 

In this process, when incident light encounters a molecule, the electric field of the light 

induces a dipole moment in the molecule due to its polarizability. 

 

The oscillation of the electric field of the incident light induces dipole oscillations 

which can absorb or emit energy by transitions between different oscillation energy 

levels. When the excited molecules in the high energy level return to the ground state by 

the emission of scattered light in elastic process this is called Rayleigh scattering. 

Figure  2.1: Energy level diagram for the transitions of Rayleigh scattering, Stokes Raman 

scattering and anti-Stokes Raman scattering 
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The scattering associated with the inelastic energy transitions are called Raman 

scattering and can be divided in Stokes Raman scattering that involves vibrational 

energy transitions of the molecule to a higher energy level and anti-Stokes Raman 

scattering that uses energy transitions to lower energy levels. These transition processes 

are illustrated in Figure  2.1.  

In an isotropic medium, the dipoles are resulting from the action of the electric field 

component E of the incident light on the molecules expressed in the given equation (1). 

μ=α∙E                                                                                                                                                 (1) 
                                                                 
μ: induced dipole moment 

α: molecular polarizability 

E: electric field of the incident light. 

The oscillation of the monochromatic harmonic wave of the electric field is described in 

equation,  

E=E0cos(2πυ0t)                                                                                                                               (2)             

 
E0: electric field amplitude. 

υ0: frequency of the incident light. 

 t: time. 

 
From (1) and (2) the dipole moment can be written as 

μ=α∙E0cos(2πυ0t)                                                                                                                           (3) 
                                                         
The dependence of α on q (the displacement coordinate of the vibration) can be 

approximated by a Taylor series expansion to first-order [45]. 

α=α0+ � �
∂α

∂q
k

�
qk

q
k

+ ⋯                                                                                                            (4)

k
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The displacement qk concerning the molecular vibration is considered to be very small 

meaning higher orders in the expansion can be neglected. 

The normal mode is a time dependant vibration with a frequency m . This can be 

expressed as 
                                                   
  q

k
=q

k
0cos(2πυmt)                                                                                                                            (5) 

                                                        
0
kq : the equilibrium position 

 
 From (3), (4) and (5) the total dipole moment is 
 

                           

μ=α0E0cos(2πυ0t)+ � �
∂α

∂q
k

�
qk

q
k
E0

k

cos(2πυ0t)cos(2πυmt)                                                    (6) 

                     
By using a trigonometric function we obtain 

 

μ=α0E0cos(2πυ0t) +
1

2
 � �

∂α

∂q
k

�
qk

q
k
E0

k

{cos[2π(υ0-υm)t]cos[2π(υ0+υm)t]}                       (7) 

    
The first term describes the Rayleigh scattering, the second term represents the Raman 

scattering. The part (υ0-υm) in the second term is related to Stokes Raman scattering, 

and the term (υ0+υm) is related to anti-Stokes Raman scattering.  

From equation (7), the necessary condition to produce Raman lines is shown by 

                                                           

�
∂α

∂q
k

�
qk

≠ 0                                                                                                                                         (8) 

                                               
This formula shows that the molecular polarizability of the vibrational mode should be 

different from zero when the atoms are in their equilibrium position (qk = 0) [44, 45]. 

The intensity of Stokes Raman scattering is usually observed higher than the 

corresponding anti-Stokes Raman scattering intensity. This is in disagreement with the 

rule in electromagnetic theory that the power of Raman emission increases with the 
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fourth power of the frequency of the source (I ∝  4) [46, 47]. The different intensities 

between Stokes and anti-Stokes Raman scattering can be explained in a quantum 

mechanical approach. 

Raman scattering can be described according to the quantum picture. In quantum 

theory, discrete vibration energy states of each molecular vibration mode can be 

considered. The scattering process is viewed as the creation and annihilation of 

vibrational excitation by photons.  

In contrast to the classical theory, the different intensities of the Stokes and anti-Stokes 

can be explained by quantum mechanics. In thermal equilibrium at room temperature, 

the population number N1 of the molecules in the excited vibrational state is lower than 

that in the ground state N0. This correlation can be described by the Boltzmann statistics 

[48]: 

N1=N0e
hν
kT                                                                                                                                         (9) 

                                        
k: the Boltzmann constant 

T: the temperature 

h: the Planck constant 

υ: the vibrational frequency.   

Due to the higher presence of molecules in the ground state than in the excited states in 

the thermal equilibrium at room temperature, the intensities of the Stokes lines are 

generally more intense than the anti-Stokes lines. 

2.1.2 Polarized Raman spectroscopy and polarization effect 
 
The electromagnetic wave is considered to be linearly polarized if its oscillation is 

restricted to one direction. Most light sources in nature emit unpolarized light, which 

means that light consists of many wave trains whose directions of oscillation are 

completely random. By means of the polarizer, only the component of light which is 
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polarized along a particular direction can be transmitted and the component 

perpendicular to that direction would be absorbed, as shown in Figure  2.2.  

Polarized Raman spectroscopy technique can be used to determine the molecular 

orientation in the sample by measuring the anisotropic Raman response of certain 

chemical bonds at different orientations of the polarization of the incident radiation 

[49].  

 

The utilization of polarized Raman spectroscopy serves to several advantages within the 

chemical analysis of investigated molecule. 

By means of polarization the symmetric vibrations can be recognized as they are 

polarized, while the non-symmetric vibrations are depolarized. Furthermore, the 

polarization of Raman provides information about orientation, as any oriented molecule 

will affect the probed polarizations. Additionally, orientation discrimination can be 

detected to distinguish oriented molecules from randomly oriented molecules [50]. 

Figure  2.2: The incident light is linearly polarized by a polarizer (P1). A sample cell holder is 

located in line with the light beam, followed by a polarizer (P2) and a detector to detect the 

signals. If the second polarizer (P2) is turned 90º to the plane of initial polarization, all the light 

will be blocked from reaching the detector (DE) 
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In polarized Raman spectroscopy setups also have an optical element called a polarizer 

that can be put in the incident beam to ensure that the light is linearly polarized, as 

shown in Figure  2.2. Hence molecular orientation and symmetry of the bond vibrations 

of the molecules can be determined [51]. In conclusion, analysis of the polarization of 

Raman scattering is a useful tool in distinguishing overlapping modes, particularly if the 

contributing vibrations have widely differing symmetries [52]. 

The polarizability is described in general as the measure of the change in the electron 

cloud distribution of the molecules in response to an applied electric field and can be 

described by a symmetric second rank tensor which called the polarizability tensor. The 

induced dipole moment of a molecule is given by the equation: 

                                                                        

μ�⃑ =α∙E��⃑                                                                                                                                (10) 
                                         

E��⃑ : the electric field vector of the incident beam 

α: molecular polarizability 

The Raman tensor is considered as well as a second rank tensor because it is the 

differential of the polarizability tensor. If the principal axes of the Raman tensor are 

defined as (x,y,z) the Raman tensor is described as: 

 

[α']= �

αxx
' αxy

' αxz
'

αyx
' αyy

' αyz
'

αzx
' αzy

' αzz
'

�                                                                                                               (11)                                                         

 
αxx

' , ...etc : tensor elements 
 
The form of the Raman tensor is unique to the symmetry of the molecular vibration (3). 

The spherical symmetry has only two parameters in a Raman tensor, whereas six 

parameters are required for no specific symmetry [53]. As the principal axes of the 

Raman tensor do not coincide necessarily with those of the molecular chain of the 

specimen, other coordinate system (x\,y\,z\) and (X, Y, Z) need to be introduced for the 

molecular chain coordinate system and specimen coordinate respectively. 
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The actual measurements to obtain molecular orientation distribution function are done 

based on the specimen coordinate system and do not need absolute solutions of the 

tensor components but only ratios of the diagonal components [45]. When the 

component άzz is much larger than the other components άxx and άyy the Raman tensor 

can be approximated to have cylindrical symmetry [45]. These coordinate systems are 

related to each other by rotation through the Euler angles defined in Figure  2.3 (left). 

In our investigation on muscle fibers, myofibrils have approximately cylindrical 

symmetrical structure. In addition, only parallel and perpendicular orientations of the 

muscle fibers were studied. Thus, to perform this study in each direction only one 

parameter is required. This means for the two orientations of the muscle fibers the 

Raman tensor can be defined for parallel state: 

[��] = �
���

� 0 0
0 0 0
0 0 0

�                                                                                                                (12) 

                                             

Or for perpendicular state:  

Figure  2.3: Left: ellipsoid according to the Raman tensor, right: definition of the Euler angles (Φ, θ, 

ψ) correlating Raman tensor axis (x\,y\,z\) with the specimen axis (X,Y,Z), modified from [43] 
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[��] = �
0 0 0
0 0 0
0 0 ���

�
�                                                                                                                  (13) 

                                          

This by considering that the light comes from (y) direction. 

2.2 Meat structure and composition 
 
Striated skeletal muscles of meat are considered as the main source of proteins which is 

suitable for human dietary. The average composition of meat is 73 % water, 21 % of 

proteins, 6 % lipid, and small parts of connective tissues and minerals [54]. These 

values are relatively varying for different meat species and types.  

The structure of muscle in meat is shown in Figure 2.4. Skeletal muscles consist of 

thousands of muscle cells which are known as muscle fibers.  

Muscle fibres can be categorized into different metabolic types: oxidative (red) or 

glycolytic (white), based on their chemical composition and enzyme activities [2]. 

Each muscle fiber has a diameter of around 10 to 80 µm. The length of the muscle fiber 

can reach to 150 mm. Moreover, each skeletal muscle fiber contains hundreds to 

Figure  2.4: Skeletal muscle structure 



17 
 

thousands of myofibrils of around 1 to 2 µm diameter and as long as the whole cell. 

Myofibrils consist of bundles of myofilaments, protein filaments composed primarily of 

actin and myosin. The actin forms the bulk of the thin filaments, and the myosin forms 

the thick filaments [55].  

The myofibrils are responsible for skeletal muscle fiber contraction. The myofibrils are 

anchored to the inner surface of the sarcolemma at each end of the skeletal muscle fiber. 

While the outer surface of the sarcolemma is attached to collagen fibers of the tendon in 

skeletal muscle.  

 

As we explained before that myofibrils are bundles of thick and thin filaments. These 

filaments are organized to repeating sections of sarcomeres. These sarcomeres are 

defined as the basic units of contraction in striated muscles. Each sarcomere stretches 

from one Z line to the next and contains one A band separating two I bands. 

Consequently, myofibrils are composed of a series of arranged sarcomeres consisting of 

polarized thin filaments [1, 2]. This can be seen in Figure  2.5. 

Figure  2.5: Diagram of one sarcomere (within a muscle cell), A (anisotropic) and I (isotropic) 
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On the other hand, α-helices and β-pleated sheets with their regular structure are the 

most commonly secondary structures of a peptide chain. As these structures establish 

essential components that dictate the basic function of protein. 

Myosin is described as one of the most important components of the contractile system 

of muscle fiber. It forms approximately half of myofibrillar protein. Myosin contains 

two α-helical heavy chains twisted around each other forming two main parts, a long tail 

called light myosin which forms α-helical coiled coil and two heads consisting of the 

heavy myosin chains [56].  

Raman spectra of meat provide information about chemical and the structural changes 

in protein secondary structure of myosin. With its fingerprinting characteristics Raman 

spectroscopy yields detailed information of the vibrational changes of backbone 

conformation of polypeptides of proteins [32, 42, 57-59]. Raman spectra provide 

information based on stretching, bending, rocking, twisting, and wagging vibrational 

modes. Furthermore, Raman scattering depends on changes in the polarizability of 

functional groups as the atoms vibrate [60]. 

Table  2.1 displays selected Raman bands of meat with their vibrational assignments of 

myosin. The myosin Raman spectrum has several bands attributed to α-helical structure 

which are aligned parallel to the main axis of the myofibril. These bands represent 

stronger intensities when the electric field of both the incident and scattered radiation is 

parallel to the fiber axis [38]. This means that these bands are sensitive to the 

polarization effect of Raman spectroscopy. These conformation bands are amide I, 

amide III, C-C stretch. 

The peptide’s amide I and amide III bands are the most important for the investigation 

of secondary structure. These modes are sensitive to the molecular conformation as they 

are combined vibrations of the amide group. The amide I band which can be observed at 

wavenumbers around 1650 cm-1 represents C=O stretching and C-N stretching 

vibration. 
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Table  2.1: Raman bands of myosin in meat with their vibrational assignments, modified from the 

Ph.D work of Sowoidnich [61] 

 
Wavenumber / cm-1 

 

 
Assignment 

 
Reference 

720 

750-760 

825-832/850-860 

877-881 

900-901 

934-944 

1000-1006 

1030-1033 

1040-1120 

1127-1130 

1156 

1172-1175 

1205-1209 

1225-1250 

1265-1287 

1300-1310 

1316-1322 

1339-1342 

Adenine 

Tryptophan 

Tyrosine 

Tryptophan 

C-C residue stretch (α-helix) 

C-C residue stretch (α-helix)  

   Phenylalanine (ring stretch) 

Phenylalanine (ring bend) 

CN stretch 

νCN (protein backbone) 

νCN, νCC (protein backbone) 

Tyrosine 

Tyrosine, Phenylalanine 

Amide III (anti-parallel β-sheet, random coil) 

Amide III (α-helix) 

Amide III (α-helix) 

Tryptophan, CH bend 

Tryptophan, CH bend 

[57] 

[59] 

[42] 

[57] 

[57] 

[59] 

[32] 

[57] 

[32] 

[59] 

[57] 

[32] 

[57] 

[57] 

[57] 

[42, 57] 

[42, 57] 

[57] 
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1395 

1447-1451 

1460-1483 

1553-1554 

1604-1618 

1645-1658 

1660-1665 

1665-1680 

Symmetric CH3-deformation 

CH3 (asymmetric), CH2, CH bend 

CH3 and CH2 bend 

Tryptophan 

Tryptophan, Phenylalanine, Tyrosine 

Amide I (α-helix), H2O 

Amide I (disordered structure) 

Amide I (anti-parallel β-sheet) 

[42, 57] 

[32, 57] 

[57] 

[32, 42]  

[42, 57] 

[42, 57] 

[42, 57] 

[42, 57] 

 

The amide I band of proteins consists of overlapped band components of the different 

secondary structures of the protein such as α-helix, β-pleated-sheet, as well as random 

coiled coil structures [59]. The amide III band at around 1310 cm-1 is related to C-N 

stretch coupled with NH bending vibrations [60]. The intensity of amide III at 1310 to 

1295 is attributed to α-helical structure, and the intensity between 1250 and 1240 cm-1 is 

resulted from the combination of β-sheet structure and random coil [33]. Furthermore, 

the C-C stretch Raman two bands at 900-9001 cm-1 and 934-944 cm-1 are also 

associated with high presence of α-helical conformation [62].  

2.2.1 Microbial spoilage of meat 
 
Fresh meat is an ideal medium for the bacterial growth due to its high moisture contents 

of proteins, carbohydrate, in addition to the suitable pH.  

The contamination of meat surfaces with microorganisms begins at slaughter place then 

continues throughout the butchering. Many factors affect the growth mechanism of 

bacteria on meat surface after slaughtering, such as packaging type or storage 

temperature...etc. In addition, spoilage of meat is caused by the practically unavoidable 

infection and subsequent decomposition by bacteria which are borne by the animal itself 
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and by the people handling the meat, as well as by their instruments and the 

environment in which the animals are kept [63, 64]. Furthermore, the hygienic state of 

animal prior, during and after slaughtering can be critical to the finished product quality 

[65]. 

The shelf-life of meat is the storage time until spoilage. The point of spoilage may be 

defined by a certain maximum acceptable bacterial level, or an unacceptable off-

odor\off-flavor or appearance. The shelf-life depends on the numbers and types of 

microorganisms, mainly bacteria, initially present and their subsequent growth. 

The initial mesophilic bacterial count on meat is about 102-103 cfu/cm2, consisting of a 

large variety of species [66, 67]. Only 10% of the bacteria initially present are able to 

grow at refrigeration temperatures, and the fraction causing spoilage is even lower. The 

surface contamination of the cut meat will determine the potential shelf-life. During 

storage, environmental factors such as temperature, pH will select for certain bacteria, 

and affect their growth rate and activity. The shelf-life of refrigerated meat may vary 

from days up to several months [68]. 

Usually, spoilage starts to be evident when the colony number of bacteria on the meat 

surface reaches to 107 cfu/cm2 [69]. Furthermore, in deep frozen where the meat stored 

at -18 °C the microbial spoilage of meat is not possible, where the bacterial growth on 

meat surface is stop at -2 °C [70]. Thus, the shelf-life of meat decreases by increasing 

storage temperature. 

2.3 Principal components analysis (PCA) 
 
Principal component analysis is a powerful tool for the determination of correlations 

and classification from high dimensional data. The multivariate statistical method of 

PCA is very useful tool for examining relationships among several quantitative 

variables [71]. 

The main purpose of using PCA is to obtain a relatively small set of new potential 

descriptors or principal components (PCs), which describe most of the variability in the 
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data with minimal loss of information [72]. This can be achieved by transforming the 

original variables into orthogonal components, which are linear combinations of the 

original variables.  

The basic principle for evaluating PCs is simple. The first PC is describing the pattern 

which represents the highest variability in the data. The subsequent PC has to be 

perpendicular to the previous PC and describe the maximum amount of the remaining 

variability. That is shown in Figure 2.6. 

 

By means of the direction of the PCs the values of each individual sample can be 

expressed in terms of PCs. These new values are designated as scores, where each 

sample has a score for each PC. 

The loading of PC 1 usually resemble the average of the pre-processed spectra, 

therefore we use mean centering. However, loadings of subsequent PCs can indicate 

variations between the various spectra.  

Figure  2.6: Diagram illustrating the two principal components, PC1 and PC2, for the two 

variables 1 and 2 
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The standard scheme of PCA in spectroscopy begins with input data matrix, X, 

constructed from experimental spectra. The R component PCA model is defined in 

equation (14) where the data matrix X (I, J) representing a table of I samples and J 

variables is decomposed into a score matrix A (I, R) and a loading matrix B (J, R) [73, 

74].  

 X=A·BT                                                                                                                                                                           (14) 

T means transpose 

In this way, the multidimensional data in X is resolved into a set of orthogonal 

components R whose linear combinations represent the original data.  

For optimum use of the PCA the spectral data collected by measurements must be 

preprocessed. For this, mean-centering can be used. This procedure involves defining a 

new point of origin for the data given by the multivariate mean [75, 76]. It provides a 

convenient new point of reference for the transformed variables from which further 

analyses can be carried out. Furthermore, the Savitzky-Golay algorithm [77] is used for 

smoothing high frequency noise effects on the spectrum and formation of the second 

derivative to eliminate a broadband background of the spectral data. 

2.4 Shifted excitation Raman difference spectroscopy (SERDS) 
 
Raman spectroscopy is a powerful and useful technique for in situ applications in 

various fields e.g. meat investigations. However, the prominence of fluorescence 

reduces the signal to background ratio and in some cases the Raman signal can be 

completely masked. Shifted Excitation Raman Difference Spectroscopy (SERDS) [78-

80] is a method to remove background signals, such as fluorescence and scattering 

background in a Raman spectrum. Shreve et al. [79] proposed SERDS technique for the 

first time in 1992.  

The method is based on the observation that the slightly shift in the excitation 

wavelength causes a respective shift in Raman signals, while the fluorescence and/or 
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scattering background of the Raman spectra does not suffer any shifts. Choosing two 

excitation wavelengths, which can produce a shift of the order of the half-width of the 

Raman signal, two Raman spectra can be measured and a difference spectrum can be 

generated by subtracting the two spectra. This difference spectrum is similar to a first 

order derivative spectrum and will be suitable to reconstruct a conventional spectrum 

using spatially restructuring algorithms. In the ideal case this spectrum is then cleaned 

from fluorescence and fixed-pattern noise.  

In order to obtain two excitation wavelengths for SERDS technique a Ti: sapphire laser 

pumped by Ar+ Laser was used by Shreve et al. [79]. This kind of laser is bulky and not 

suitable for in situ application. Zhao et al. in 2002 used a diode laser which can be tunde 

by changing the heat sink temperature. Due to the slow heating and cooling the shifting 

of this kind of lasers may take few minutes which can be consider as a disadvantige for 

real time measurements.  

Recently a microsystem diode laser has been developed by Maiwald et al. [81]. The 671 

nm excitation laser source in the red spectral region with its wavelength in the 

absorption minimum of oxy-hemoglobin [82] is well suited to observe spectral changes 

resulting from alterations of meat compositions, e.g. during storage [35].  

To reconstruct the SERDS spectra, a novel and very efficient algorithm developed by 

our group at TU Berlin [83] will be used.  
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3 Materials and Methods 

3.1 Sample preparation 
 
The preparation of meat samples was subjected to the same procedure for all types of 

animals. With respect to polarization investigation the muscles were cut along the fiber 

orientation into about 12 to 14 slices with a thickness of approximately 2 cm. All the 

meat slices were halved packed in Petri dishes, as half of the slices were used for 

Raman measurements and the other half were separated for microbial investigation. 

Then all of these slices were stored at 5 °C for a period of 12 days in a laboratory 

refrigerator (Spezial-468, Philipp Kirsch, Germany).  

To perform Raman measurements the samples were cut out using special cylindrical 

cutting tool. The samples were cut vertically to the fiber axis and respecting the 

arrangement of the fiber direction in the meat slice. The samples were cut where the 

arrangement of the muscle fibers can be recognized as shown in Figure 3.1. 

 

Figure  3.1: A cylindrical meat sample in a PVC tube with vertical arrangement of the muscle fibers 

Then the subsamples were mounted in PVC tubes and put in Petri dishes to prevent 

them from dehydration. In order to prevent the contamination of the meat samples 
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during preparation disposable latex plastic gloves were used for each prepared slice. 

Furthermore, all contaminated tools were cleaned with water and soap and propanol 

between the various cut of meat samples.  

For each measured day 3 slices of each species were used. At each orientation 5 

different positions were detected with a repetition of 10 Raman spectra at each. This 

means, 150 single Raman spectra were obtained from 15 sampled positions at each fiber 

orientation per meat species at each day of storage. 

The Raman investigations in this work were performed on different species of animals 

of pork as an example of red meat and turkey as an example of white meat. In addition, 

the exotic meat species of crocodile, python, zebra, and camel, as well as the two related 

species of beef and horse were also investigated. 

3.2 Experimental setup 
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Figure  3.2: Experimental setup for polarized Raman investigation; (1) 671 nm microsystem 

diode laser, (2) band pass filter, (3)(12) polarizers, (4)(5) dielectric mirrors, (6) (10)(11)(13) 

lenses, (7) quartz window, (8) meat sample in scaled rotatable holder, (9) Raman edge filters, 

(14) spectrograph, (15) CCD, and (16) computer 
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Figure  3.2 shows the experimental setup. A microsystem diode laser (1) emitting at 671 

nm [84] was applied as excitation light source.  

The laser power at the sample was 50 mW with integration times of 1 to 5 s for one 

Raman spectrum. The laser beam was passing through a band pass filter (2) (Semrock, 

Inc.), and polarized by a Glan-Thompson linear polarizer (3) (Bernhard Halle Nachfl. 

GmbH). Then, two dielectric mirrors (4), (5) (ThorLabs GmbH) guided the polarized 

beam towards a Raman edge filter (9) (LOT Oriel Group) which reflected the beam to a 

lens (6) with a focal length of 30 mm. By this lens, the laser beam was focused through 

a quartz window (7) (ThorLabs GmbH) which avoided dehydration of the sample 

during measurement and which kept the muscle fiber alignment fixed. The meat sample 

was mounted in a scaled rotatable holder (8) to adjust the muscle fiber orientation. The 

lens (6) also served to collect the back scattered radiation from the sample. 

The set of two Raman edge filters (9) blocked the Rayleigh scattered radiation and the 

anti-Stokes signals. Only the Stokes-shifted signals passed through a telescope 

consisting of lenses (10) and (11) with f = 50 mm and f = 25 mm, respectively. (all 

lenses were from ThorLabs GmbH). 

The collected Raman signals were polarized parallel to the polarization direction of the 

excitation radiation with a second Glan-Thompson polarizer (12). By means of the lens 

(13) (with focal length of 50 mm) the polarized Raman signals were focused on the 

entrance slit of the spectrograph (14) (Chromex 250IS). A charge coupled device (15) 

(EHRB 1340 x 400, Princeton Instruments) operating at -70 °C was used to detect the 

spectra. A computer (16) was used to process the Raman spectra running Winspec 

software (Roper Scientific). 

Figure 3.3 is a picture of the experimental Raman setup containing a 671 nm 

microsystem diode laser with two emission lines at 670.8 nm and at 671.3 nm suitable 

for SERDS investigation. However, the wavelength with the emission of a 671.3 nm as 

an excitation light source for Raman investigation was utilized. The meat sample is 

included in rotatable scaled holder. 
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Figure  3.3: Experimental Raman setup containing a microsystem diode laser with two emission 

lines at 670.8 nm and 671.3 nm and meat sample inside the rotatable scaled holder 

3.3 Microbial analysis  
 
For our investigation in parallel to the Raman measurements two types of reference 

analysis were used. In University Bayreuth, Research Center of Food Quality in 

Kulmbach the microbiological analyses were performed in order to monitor the progress 

of meat spoilage. This type of reference analysis was applied for two time-dependent 

measurement series of pork and turkey meat. These analyses are considered as the 

primary indicator for spoilage (i.e. 106 cfu/cm2). Here, the results of the Raman data can 

be correlated with the detection of the microbiological analysis on meat surface during 

storage time. This method depends on counting the bacteria on meat surface for each 

day of storage time. Here, the total number of viable plate counts of mesophilic, aerobic 

microorganisms on the meat surface was determined. For the two measurement series of 
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pork and turkey meat, three six entire muscles from three carcasses were procured. The 

left muscles were used as obtained for the spoilage experiment. For each muscle and 

day, a cylindrical sample with 5 cm2 area was cut out and homogenized with 20 ml of 

saline in a Stomacher bag. The homogenized samples were serially diluted using 1 ml 

sample and 9 ml saline for each sample, from which 100 µl aliquots at three appropriate 

dilution levels were plated in triplicate on Tryptic Soy Agar (TSA) plates (Oxoid) and 

incubated at 30 °C for 48 h.  

The other types of reference analysis are the surface pH-values which were performed 

at TU Berlin also concurrently to Raman measurements. These analyses were applied 

for the time-dependent measurement series of the exotic meat species of crocodile, 

python, zebra, and camel, as well as the measurement series of the two related species 

of beef and horse meat. Moreover, these analyses were also performed for the time-

dependent investigation of fresh and frozen-thawed pork and turkey meat. 

The pH-values were recorded using two selected types of pH strips (Merck), one 

covering the pH range from 5.2 to 7.2 (special indicator for pH measurements in meat, 

non bleeding) and the other covering the pH region from 4.0 up to 7.0 (non bleeding).  

Smell test was also applied daily on the meat slices as sensory reference analysis. 

Despite it is based on a subjective impression, the human nose is a very sensitive 

indicator for off-odors caused by metabolic products of microorganisms during meat 

spoilage. 
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4 Polarization dependent Raman spectroscopy 

4.1 Raman investigation of oriented muscle fibers during storage 
 
As the proteins are not randomly oriented in the muscle fibers in meat, polarized Raman 

spectra can introduce valuable information related to oriented muscle fibers [38]. 

For this purpose, the changes in Raman spectra of untreated and sterilized red (pork) 

and white (turkey) meat of two orientations of the muscle fibers (parallel and 

perpendicular) are studied with polarization dependent Raman spectroscopy in the 

presence and the absence of bacterial spoilage for 14 days of storage after slaughtering.  

This section highlights polarized Raman scattering as a potential tool for studying the 

anisotropic properties changes of muscular structures for two types of muscles of pork 

and turkey meat during storage time. 

4.1.1 Pork 
 
As test sample, musculus longissimus dorsi (LD) was chosen for the investigation due 

to its homogeneity. Six entire muscles from three pork carcasses were procured from a 

local abattoir 24 hours post-mortem. The left muscles were used as obtained for the 

spoilage experiment, while the right muscles were sterilized using a 5% sodium 

hypochlorite solution and handled sterile in a control experiment. Half of the slices were 

transported chilled to Technical University Berlin for the Raman investigations, 

whereas the other half was used for microbial reference analysis in University Bayreuth, 

Research Center of Food Quality in Kulmbach concurrently to Raman measurement. 

4.1.1.1 Polarized Raman spectra of pork 
 
In order to show the storage effect of the polarization dependence for a period of 14 

days on the Raman spectra of untreated and sterilized LD meat, a comparison of 

unprocessed spectra of selected storage times is displayed in Figure 4.1 for untreated 

and Figure 4.2 for sterilized LD samples of parallel (a) and perpendicular (b) 

orientations of the muscle fibers relative to the polarization of the laser. 
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An obvious increase in the fluorescence background is observed for the untreated LD 

meat for both orientations (parallel and perpendicular) Figure 4.1 (a, b) which is in 

accordance with previous observation [85], i.e. low fluorescence until the 6th day, a slow 

increase until the 9th day and a very strong increase of the background fluorescence after 

the 10th day of storage.  

In contrast to this, for the sterilized LD meat in Figure 4.2 (a, b), the fluorescence 

background Raman spectra shows only a very small increase with storage time 

compared with the untreated LD meat for the both orientations of the muscle fibers. 

On the other hand, the Raman spectra of both orientations (parallel and perpendicular) 

of both untreated and sterilized meat show that the orientation effect in the raw spectra 

are weakly observed as the amide I band displayed a slightly higher intensity in the 

parallel state compared with the perpendicular state. 

This effect is more obvious in the Raman spectra of sterilized meat compared with the 

Raman spectra of untreated meat due to the high fluorescence background at the last 

days of storage which obscure the orientation effect of the Raman spectra of untreated 

meat. However, for the most Raman bands the orientation effect is not recognized in the 

unprocessed spectra of the both untreated and sterilized meat. 
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Figure  4.1: Unprocessed Raman spectra in the parallel (a) and perpendicular (b) 

orientations of untreated LD muscle fibers during 14 days of storage, stored at 5 °C. 

The data are normalized to 5 s integration time 
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Figure  4.2: Unprocessed Raman spectra in the parallel (a) and perpendicular 

(b) orientations of sterilized LD muscle fibers during 14 days of storage, stored 

at 5 °C. The data are normalized to 5 s integration time. Here, much lower 

intensity for sterilized meat compared with untreated meat in Figure 4.1 
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For the purpose to investigate further changes in the Raman spectra of oriented 

untreated and sterilized LD meat undergoing the effects of aging and spoilage, in 

addition to the orientation effect on the protein structures, and to mathematically 

remove the fluorescence background [86, 87], a 5th order polynomial fit with 6 reference 

points was subtracted as shown in Figure 4.3.  

 

The spectrum was taken from the 3rd day of storage of parallel orientation of sterilized 

LD meat. The unprocessed Raman spectrum of LD is curve (a), the dashed line refers to 

the baseline curve and the corrected spectrum is curve (b). 

By eliminating the fluorescence background from the spectra the typical Raman bands 

of amide I at 1650 cm-1, amide III at 1312 cm-1, and C-C stretch at 943 cm-1, 909 cm-1 

for α-helical proteins [57, 60, 62] can be observed, as displayed in Figure 4.3. 

Figure  4.3: Raman spectra of LD: (a) unprocessed Raman spectrum, (b) background-corrected 

spectrum using 5th order polynomial fit. The spectrum was taken from the 3rd day of storage of the 

parallel state of sterilized meat  
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In addition, to the strong CH bending modes at 1450 cm-1, vibrations attributed to the 

aromatic amino acids Phe at 1005 cm-1, Tyrosine (Tyr) at (858 cm-1, 829 cm-1), as well 

as the band of (Phe with Tyr) at 1205 cm-1 can be observed. 

Furthermore, with this correction of the Raman spectra the small Raman signals can be 

better recognized, such as those of the protein backbone (υCN, υCC) at (1110 cm-1, 

1090 cm-1), and tryptophan (Trp) at 1555 cm-1 [57, 59]. 

In Figure 4.4 storage-time dependent baseline-corrected Raman spectra of the untreated 

LD meat are shown for parallel (a) and perpendicular (b) orientation of the muscle 

fibers. For clarity the spectra are normalized to the net intensity of the Phenylalanine 

(Phe) peak at 1005 cm-1 and only 4 averaged spectra of selected days are displayed. 

For comparison, the corresponding spectra of the sterilized meat are displayed in Figure 

4.5. 
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Figure  4.4: Background corrected Raman spectra of untreated porcine LD 

with muscle fiber orientation parallel (a) and perpendicular (b) to the 

polarization of the laser beam for selected days of storage. For clarity, the 

spectra are normalized to the net intensity of Phe peak at 1005 cm-1 
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Figure  4.5: Background corrected Raman spectra of sterilized porcine LD 

with muscle fiber orientation parallel (a) and perpendicular (b) to the 

polarization of the laser beam for selected days of storage. For clarity, the 

spectra are normalized to the net intensity of Phe peak at 1005 cm-1 
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In both figures (Figure 4.4) of untreated and (Figure 4.5) of sterilized LD meat most of 

the characteristic protein Raman bands can be recognized for both parallel (a) and 

perpendicular (b) orientations. The two figures also show that both, the untreated and 

the sterilized LD corrected Raman spectra display more intense signals of helical 

protein’s amide I, III, and C-C stretch bands in the parallel state compared to the spectra 

of the perpendicular orientation. Furthermore, the net intensities of the Raman bands 

display higher values for the Raman spectra of the sterilized meat compared with the 

Raman spectra of the untreated meat for both orientations and for all the days of storage. 

Moreover, a clear decrease of the net intensity values of the amide I band of the 

untreated meat with storage time can be observed, whereas slight decrease of the net 

intensities of the amide I band can be found for the sterilized meat for all the days of 

storage.  Additionally, an obvious deformation of all the major Raman bands for the last 

days of storage of the untreated meat can be recognized, notably at the day 14 of 

storage. In addition, the small bands were completely masked. This can be attributed to 

the high fluorescence background resulted from the heavily bacterial spoilage on the 

meat surface at the end of the storage. Here, the high fluorescence background obscured 

the Raman bands. 

4.1.1.2 Difference spectra 
 
The difference spectra between both orientations (parallel-perpendicular) display the 

polarization-dependent information about orientation and storage effects on the 

untreated samples Figure 4.6 (a), as well as for the sterilized samples Figure 4.6 (b). 

The polarization-dependent information of orientation and storage effects on the 

untreated samples, as well as for the sterilized samples can be easily recognized. I.e. the 

Raman signals which attributed to the helical proteins (amide I, III, and C-C stretch) of 

both untreated and sterilized LD meat display prominent values compared with the 

other signals along the storage time. On the other hand, a clear decrease of the net 

intensity values with storage time is observed for difference spectra of the untreated 

meat, whereas, no decrease can be found for the net intensities for the difference spectra 

of the sterilized meat. 
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In details, the Raman bands of amide I, III, and C-C stretch can be clearly recognized in 

the difference spectra between parallel and perpendicular spectra of the untreated and 

the sterilized LD, where these bands indicate high degree of oriented α-helical 

segments in the parallel orientation of muscle fibers [62].  

The difference spectra also reveal polarization and orientation dependent signals of 

protein backbone of (νCN, νCC) at 1160 cm-1 [57] and CH2 bending vibration 

contributed with some Trp lines at 1450 cm-1, which is in accordance with [38] showing 

that the 1450 cm-1 band is unsuitable for intensity normalization of the spectra. 

For the untreated meat, not only a decrease of the net intensity of the Raman bands is 

observed for both orientations during storage, the differences between both fiber 

orientations are also decreasing when the meat is spoiled. This decrease can be clearly 

observed for the CH2 bending band, and amide III band, as well as for the C-C stretch 

band. As at the last day of storage no clear values can be found for the difference 

spectra of these bands.   

Furthermore, the bacteria on the meat surface which caused the high fluorescence 

background at the last day of storage of untreated samples disturbs the polarization 

information detected of the oriented muscular structures on meat surface, as shown in 

Figure 4.6 (a). For the sterilized meat, no apparent reduction in the net intensities during 

storage is observed. Furthermore, the difference spectra in Figure 4.6 (b) show that the 

polarization-dependent distinction of both fiber orientations was maintained for 14 days 

of storage. 
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Figure  4.6: Difference spectra of parallel minus perpendicular corrected 

spectra for untreated (a) and sterilized (b) LD meat 
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Depending on the helical Raman bands of amide I, amide III, and C-C stretch of the 

difference spectra between both orientations (parallel and perpendicular) further 

information about the oriented helical structures in muscle can be obtained according to 

aging and spoilage processes for the untreated and the sterilized meat. From this point 

the behavior of Raman bands can provide us with information about protein spoilage 

even after subtracting the fluorescence background of the spectra. 

Here, to probe the anisotropy of the helical conformational structures of LD meat during 

storage with and without contribution of bacterial spoilage the net intensity differences 

of helical Raman bands between parallel and perpendicular states of untreated and 

sterilized LD were calculated in dependence from storage time as shown in Figure 4.7 

(a), (b), and (c) for amide I, amide III, and C-C stretch, respectively.  

Higher values were plotted for the amide I band compared with the two bands of amide 

III and C-C stretch for both the untreated and the sterilized samples, notably at the first 

days of storage. The untreated and the sterilized meat display relative stable values of 

the three helical Raman bands till the day 7 of storage.  

However, for the untreated meat a clear decrease of the net intensity differences was 

observed from day 8 to day 10. Then this decrease became more pronounced at the last 

4 days of storage. While for the sterilized samples a slight slow decrease can be 

recognized around day 9 till the last day of storage. This can be attributed to the aging 

process without bacterial contribution of the sterilized meat during storage. 

Here we found that the anisotropy of the untreated and the sterilized meat during storage 

time are somehow similar for the first 7 days of storage. After that the net intensity 

differences revealed faster decrease of the anisotropy for the untreated LD than it is for 

the sterilized LD for the three helical Raman bands amide I, III, and C-C stretch, 

significantly at the last four days of storage where the untreated meat was spoiled, as 

was found in the microbial analysis on the meat surface (see Figure 4.11). 
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Figure  4.7: Net intensity differences of Raman signals of 

amide I (a), amide III (b), and C-C stretch (c) of untreated 

and sterilized LD pork muscles between two orientations of 

the muscle fibres (parallel and perpendicular) depending on 

storage time 
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4.1.1.3 Statistical analysis 
 
To obtain further information, PCA as a multivariate statistical method is applied on 

Raman spectra with the spectral region from 700 to 1800 cm-1 for all days of storage.   

For reasons of clarity and to simplify the score plots, averaged unprocessed Raman 

spectra are used as input data. To this end, 30 Raman spectra are averaged from 3 meat 

slices for the three animals, for each orientation, for untreated and sterilized samples 

and for each measuring day. For PCA evaluation the averaged data were normalized at 

the wavenumber of 1520 cm-1 of the background for both the untreated and the 

sterilized LD meat. 

Figure 4.8 displays the corresponding scores plot of the untreated and the sterilized 

meat spectra for the first and the second principal components which explain 69 % and 

21 % of the total variance in the dataset. Two distinct separations can be observed for 

Figure  4.8: Raman spectra scored for PC 1 and PC 2 for untreated and sterilized LD 

muscle fibers for two directions (parallel and perpendicular) and 14 days of storage. 

PC 1 displays time-dependent changes, while PC 2 displays the decrease of anisotropic 

properties 
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the untreated samples according to PC 1 and PC 2. While for the sterilized sample only 

one distinction was observed according to PC 2. 

For the untreated samples, this refers to the time-dependent changes of the Raman 

spectra, as the signal-to-background intensity ratio of the meat Raman pattern is 

decreasing with spoilage (see Figure 4.4 (a) in page 36). Both orientations (parallel and 

perpendicular) have a similar distribution along PC 1. Three separated groups can be 

identified for the untreated meat, in the scores plot. This is in accordance with [35]. One 

group includes the samples of the first 7 days of storage as edible meat, as was found in 

the microbial analysis (see Figure 4.11). The second group containing the 8th day to the 

11th day of storage can be associated with a period of advanced spoilage of the meat 

while the third group comprises the heavily spoiled meat.  

This age-dependent classification of the untreated samples is related to the bacterial 

growth kinetics on the meat surface where the first 7 days are characterized by bacterial 

surface loads below the threshold value of 106 cfu/cm2 (see Figure 4.11). A continuous 

increase of the bacterial surface load (cfu) beyond this threshold is typical for the 

second period of storage which is reaching a surface load up to 1011 cfu/cm2. The third 

period reached up to 1015 cfu/cm2. The scores distribution of the PCA shows that the 

first days as fresh samples are almost located in the negative part in the PCA according 

to PC 1. Then, due to aging and spoilage processes, the second group which includes 

spoiled samples is clustered in the positive part, whereas the last group of heavily 

spoiled meat is located in the furthest side of the positive part according to PC 1. 

In contrast to the untreated meat, according to PC 1 no significant separation can be 

found for the sterilized meat. All sterilized samples are grouped in the negative part of 

PC 1. This is in agreement with the microbiological analyses showing that the 

concentration of bacteria on the meat surface remains below the detection limit of 200 

cfu/cm2. 

Additionally, in the scores plot in Figure 4.8, PC 2 discriminates the two orientations of 

the muscle fibers with negative values for parallel state and positive values for 
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perpendicular state for both, the untreated and the sterilized meat samples. The first 7 

days of the untreated meat exhibit a clear separation between the two orientations. Then, 

with storage time and increasing spoilage, this difference decreases and vanishes for the 

heavily spoiled samples. This can be understood as a decrease of the anisotropy of the 

Raman spectra between the two fiber orientations. We can explain this decrease due to 

the presence of bacteria on the meat surface forming a film in the final phase [34], as 

shown in Figure 4.9. 

 

The bacteria arrange randomly on the meat surface, this leads to an isotropic detection 

of the backscattered radiation masking the Raman signals of the meat. Furthermore, 

multiple scattering by the bacteria reduces the polarization information of the scattered 

photons which are sent back from the measured meat sample. 

Accordingly, for the sterilized meat the distinction between the two orientations of the 

muscle fibers is pronounced for all examined days. This means that the muscle fibers 

Figure  4.9: A picture for porcine meat slice at day 14 of storage 
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keep their anisotropic properties during storage and that the loss of anisotropy in the 

spectra of spoiled meat is related to the bacteria on the surface.  

The first two loadings of the PCA are shown in Figure 4.10 in the spectral range from 

700 to 1800 cm-1. 

Loading 1 displays the typical protein structure of meat which is affected by aging and 

spoilage effects during time-dependent storage [88]. Loading 2 represents the Raman 

bands which are sensitive to the orientation of the muscle fibers relative to the 

polarization of the light [38] revealing variation for the amide I band at 1650 cm-1, CH2 

bending at 1450 cm-1, as well as small changes for the amide III band at 1312 cm-1, and 

C-C stretching of the protein backbone at 940 cm-1 and 900 cm-1. These bands are all 

related to highly ordered α-helical domains. Furthermore, bands from Trp and CH 

bending at 1340 cm-1 and Phe at 1005 cm-1 can be observed with negative intensity. 

Here we found that using loading 2 the orientation effect can be observed for all the 

Raman bands. 

Figure  4.10: Loading 1 and 2 from PCA of oriented untreated and sterilized porcine LD muscle 

fibers representing protein Raman bands changing during storage and orientation effects, 

respectively 
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When comparing both loadings of Figure 4.10 with those published for packaged meat 

[88] and unpackaged meat [35] the similarities are striking. For the first loading 

representing the meat spectrum this was to be expected, but not for the second loading 

as this is representing the difference between the two fiber orientations which was not 

controlled in the earlier publications. 

4.1.1.4 Microbial analysis 
 
To monitor presence or absence of microbial spoilage, the total number of viable 

aerobic mesophilic plate counts was determined for the untreated and the sterilized 

samples of pork for all days of storage. This investigation was performed in University 

Bayreuth, Research Center of Food Quality in Kulmbach in parallel to the Raman 

measurements. 

The untreated meat samples show bacterial spoilage during storage at 5 °C. Figure 4.11 

displays the bacterial growth kinetics averaged for the untreated three left porcine 

muscles LD stored in Petri dishes for 14 days at 5 °C. The first two days represent the 

initial lag phase of the bacteria on the meat surface with surface loads in the range of 

102 cfu/cm2. A biphasic exponential growth of bacteria during storage is observed on 

the meat surface from the 3rd day until the last day of storage. The surface load of 106 

cfu/cm2 is reached between the 6th day and the 7th day. Where, this threshold is 

considered as an alarm value for spoilage in the production process of meat. At the 7th 

day to the 8th day the growth stagnates and enters a second phase with continuous 

growth to reach a surface load of around 1015 cfu/cm2 after 14 days. 

The error bars display the maximum and the minimum values of colony-forming units 

detected on the three muscles. They indicate that after 8 days the microorganisms 

develop in a different way on the three muscles. 
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4.1.2 Turkey 
 
Similar to pork, time-dependent polarized Raman measurement for continuous 14 days 

of storage was performed for untreated and sterilized oriented muscle fibers of turkey as 

white meat. As test samples, the pectoralis major muscles of three animals were used in 

our investigation. The same procedure which was applied on pork muscles was also 

performed for turkey muscle. The left parts of muscles were left for normal spoilage 

whereas the right parts were sterilized.  In addition, microbial reference analysis was 

performed for the muscles of the untreated and the sterilized turkey muscles. 

4.1.2.1 Polarized Raman spectra of turkey 
 
The unprocessed polarized Raman spectra of turkey meat are displayed in the appendix 

in Figure A.1 (a, b) for untreated meat and Figure A.2 (a, b  ) for sterilized meat of 

parallel and perpendicular orientations of muscle fibers. 

Figure  4.11: Experimentally determined number of colony-forming units (cfu) on the meat surface 

of untreated pork LD, stored at 5 °C. The dashed line indicates the 106 cfu/cm2 threshold value. 

Error bars denote the min/max values of the three muscles 
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 As we found for porcine LD meat, the Raman spectra of the untreated turkey meat 

(Figure A.1) display gradual increase of the fluorescence background for both 

orientations (parallel and perpendicular) of the muscle fibers. Furthermore, the last day 

of storage shows higher fluorescence background compared with the previous days of 

storage. This was attributed to the strong bacterial spoilage on the meat surface at the 

end of the storage. Due to the high fluorescence background at the last day of storage it 

is difficult to recognize the polarization effect of the Raman bands, where only a minor 

increase of the net intensity of the amide I band in the parallel state (a) compared with 

the perpendicular state (b) can be observed. 

For the sterilized turkey meat (see appendix Figure A.2) lower fluorescence background 

is observed for most the days of storage compared with the untreated samples of both 

orientations (parallel and perpendicular). Only day 14 show higher fluorescence 

background compared with the former days of storage. This is attributed to a bacterial 

contamination of the investigated meat samples in University Bayreuth, Research 

Center of Food Quality which was detected via microbial analysis in the turkey meat on 

the last day of storage. As for pork, the spectra of sterilized turkey meat show strong 

Raman bands for all days of storage, and no obvious decrease of the net intensities of 

these bands can be found during storage time. In addition, the polarization effect in the 

unprocessed Raman spectra of the sterilized meat can not be clearly recognized between 

the two orientations of parallel (a) and perpendicular (b). Where, only the amide I band 

displays slight higher net intensity in the parallel orientation compared with the 

perpendicular orientation. 

The corrected Raman spectra of untreated turkey for selected days of storage for two 

orientations of muscle fibers are displayed in Figure 4.12 (a, b) for parallel and 

perpendicular states, respectively. As we found before for pork the same for turkey meat 

that the corrected spectra for the both orientations show conserved proteins structure for 

all days of storage for both untreated and sterilized samples.  
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Figure  4.12: Background corrected and normalized Raman spectra of 

untreated turkey (pectoralis major) with muscle fiber orientation parallel 

(a) and perpendicular (b) to the polarization of the laser beam for selected 

days of storage. For clarity, the spectra are normalized to the net intensity 

of Phe peak at 1005 cm-1 
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Figure  4.13: Background corrected and normalized Raman spectra of 

sterilized turkey (pectoralis major) with muscle fiber orientation parallel (a) 

and perpendicular (b) to the polarization of the laser beam for selected days 

of storage. For clarity, the spectra are normalized to the net intensity of Phe 

peak at 1005 cm-1 
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Furthermore, the Raman bands of amide I, amide III, and C-C stretch which are 

assigned to α-helical conformation display higher net intensities for parallel orientation 

of muscle fibers compared with perpendicular orientation. Moreover, the deterioration 

effect of the proteins structure of the untreated turkey meat can be observed for the day 

11 and 14 of storage. This can be recognized by the deformation of the Raman bands at 

the last days, since the total fluorescence could not be removed with the baseline 

correction procedure.  

On the other hand, as control experiment the corrected spectra of sterilized turkey meat 

are shown in Figure 4.13 (a, b). The net intensities for all protein Raman bands show 

strong values for both parallel and perpendicular orientations for all days of storage. 

Nevertheless, a slight decrease of the net intensity of amide I band can be recognized at 

the last day of storage. In addition to a small effect of the fluorescence background can 

observed at the day 14. This decrease of the net intensity of amide I band and the 

fluorescence increase is due to the bacterial contamination of the meat samples occurred 

at this day which detected by the microbial analysis. 

4.1.2.2 Difference spectra 
 
The difference spectra between two orientations (parallel and perpendicular) of muscle 

fibers are displayed in Figure 4.14 (a, b) for untreated and sterilized turkey (pectoralis 

major) meat, respectively. The difference spectra of untreated and sterilized turkey 

(pectoralis major) samples show high degree of orientation for the helical Raman bands 

of amide I at 1650 cm-1, amide III at 1312 cm-1, C-C stretch at (940 and 900) cm-1, as 

well as the CH bending band at 1450 cm-1, and to the protein backbone band at 1160 

cm-1. 

For the untreated turkey meat in Figure 4.14 (a) the first days of storage show clear 

differences between the two orientations with strong values of helical Raman bands. 

Furthermore, due to the increase of the fluorescence background caused by the bacterial 

growth on meat surface gradual deformation of the helical Raman bands can be 

observed.  
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Figure  4.14: Difference spectra of parallel minus perpendicular corrected spectra for 

untreated (a) and sterilized (b) turkey (pectoralis major) meat 
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This distortion of the Raman bands can be seen very strong at the last day of storage. 

On the other hand, no imperfection can be found for the difference spectra of the 

sterilized turkey samples Figure 4.14 (b), as the helical Raman bands show strong 

values for all the days of storage. Furthermore, the protein backbone band at 1160 cm-1 

is observed with more intense values for the sterilized samples than the untreated 

samples. 

The difference values between the net intensities of the helical Raman bands are 

displayed in (Figure A.3 (a, b, c), in the appendix) for amide I, amide III, C-C stretch, 

respectively. By means of these values further information can be obtained about the 

changing of the helical proteins structure during storage, as we found before for pork. 

The first 7 days of storage show high values of the net intensity differences of the 

untreated and the sterilized turkey samples for the three helical Raman bands. 

Nevertheless, an obvious decrease of these values was observed at the 8th day till the 

last day of storage for the untreated samples for all of the three Raman bands. While for 

the sterilized samples, no remarkable decrease with storage time of the net intensity 

differences of the helical Raman bands can be recognized. 

4.1.2.3 Statistical analysis 
 
The scores plot of both untreated and sterilized Raman spectra of the two orientations of 

muscle fibers of turkey (pectoralis major) meat (parallel and perpendicular) is presented 

in Figure 4.15. Similar to pork, two kinds of distinction can be observed by means of 

scores plot of PC 1 and PC 2 of the PCA with a total variance of 77 % and 17 % in the 

data set, respectively. Where, the spectral changes which can be attributed to the time-

dependent effect are described by PC 1.  

For the untreated turkey meat, three separated groups can be identified. The scored 

Raman spectra of samples till the 8th day are grouped separately away from the scores of 

the last days of storage as edible meat. The second group contains the 9th day to the 12th 

day as advanced spoiled meat, whereas the day 14 is relatively separated alone as the 
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last day of storage as the meat was spoiled. This separation is congruously for both 

orientations (parallel and perpendicular) along storage time.   

 

 

 

 

The distinction of the storage periods during storage is in accordance with the bacterial 

growth on the meat surface which was detected using microbial analysis (see Figure 

4.16), where the surface loads of the first stage till the 7th day was below the threshold 

value of 106 cfu/cm2, and the day 8 which was plotted close to the second stage has a 

value between (107 and 108) cfu/cm2. High values were observed for the second stage at 

the 9th day with a value of around 1010 cfu/cm2 till the 12th day reaching a surface load 

Figure  4.15: Raman spectra scored for PC 1 and PC 2 for untreated and 

sterilized turkey (pectoralis major) muscle fibers for two directions (parallel 

and perpendicular) and 14 days of storage. PC 1 displays time-dependent 

changes, while PC 2 displays the decrease of anisotropic properties of the 

untreated muscle fibers during storage 
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up to 1011 cfu/cm2. The last group which includes the day 14 reached a value between 

(1012 and 1013) cfu/cm2.  

For the sterilized meat no clear separation can be found between the days, except for 

day 14 where the turkey meat samples were contaminated.  

Most the days of the first group indicate negative values whereas a few days of the first 

group indicate positive values according to PC 1. The second group as spoiled meat 

display positive values. Moreover, the last group which contains the last day of storage 

shows higher positive values compared with the previous days of storage. On the other 

hand, negative values were plotted for the sterilized meat samples for all days of 

storage. Most of the days, except for day 14 the sterilized samples show higher negative 

values compared with the edible samples in the first group of the untreated samples. 

According to PC 2, a clear distinction can be observed between the two orientations of 

muscle fibers (parallel and perpendicular) for the first group of the untreated turkey 

meat. Then, a clear decrease of the anisotropy for the second and the last groups with 

storage time can be observed as for the pork meat. Additionally, no decrease of the 

anisotropy can be observed for the sterilized turkey samples for all days of storage, 

except for day 14 as the microbial analysis detected contamination for all the examined 

samples.  

Further differences of the protein structure changes of turkey (pectoralis major) 

depending on storage effect and orientation can be seen in the first two loadings of the 

PCA, as shown in Figure A.4 (in the appendix). The first two loadings show similar 

spectral patterns as in the case of pork meat.  

4.1.2.4 Microbial analysis 
 
In University Bayreuth, Research Center of Food Quality, the total number of 

mesophilic aerobic  microorganisms on the surface of the untreated the sterilized turkey 

meat was  determined in order to reveal potential correlations of the bacterial growth as 
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spoilage indicator with the measured Raman spectra. The microbial analysis was 

performed from day 3 up to day 14 post-mortem, as the turkey meat was stored at 5 °C.  

Figure 4.16 displays the examined data for the total count of the averaged of 3 samples 

of meat every day from three animals. The curve shows an initial lag phase including 

the first two days of storage. After that time slot, bacteria grow exponentially from 

around day 4 up to days 10 post-mortem. From day 10 to day 14 the bacterial growth on 

the meat surface exhibit a new exponential phase which increases with lower velocity 

compared with the previous phase. The surface load of 106 cfu/cm2 is reached at the 7th 

day post-mortem. 

The microbial analysis for the sterilized turkey samples detected contaminated samples 

for some days of storage, notably at day 14 where all samples were contaminated. This 

is due to the smaller size of the turkey muscles as compared to the LD of pork leaving 

less material after sterilization for the tests. 

Figure  4.16: Experimentally determined number of colony-forming units (cfu) on the 

meat surface of untreated turkey (pectoralis major), stored at 5 °C. The dashed line 

indicates the 106 cfu/cm2 threshold value. Error bars denote the min/max values of the 

three muscles 
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4.1.3 Comparison between pork and turkey 
 
The comparison between the unprocessed Raman spectra for pork and turkey showed 

that the fluorescence background of both types displayed similar values for both meat 

types for the first 8 days of storage, as shown in Figure 4.17. 

 

 

These values were less than 70,000 counts for both untreated pork and turkey meat. 

Then, a slight increase of these values can be observed from the 9th day for pork, 

whereas for turkey this increase of the fluorescence background from the 9th day can be 

clearly recognized. Till that last day of storage, this increase displayed higher values for 

turkey compared with pork. Furthermore, the last day of storage for turkey showed 

higher values with respect to pork, where at this day the background value was about 

200,000 counts, whereas for turkey it reached 375,000 counts.  

On the other hand, the unprocessed Raman spectra of sterilized pork and turkey meat 

showed that both animals exhibited lower fluorescence background compared with the 

Figure 4.17: Fluorescence background intensity of untreated pork (red) and turkey 

(black) for 14 days of storage 
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untreated meat for all days of storage, except for day 14 as presented in Figure 4.18, 

where the background intensity of the two meat types was between 29,000 counts and 

38,000 counts.  

 

 

 

By comparing of the fluorescence background between the untreated and the sterilized 

meat samples of both pork and turkey meat we found that the sterilized samples 

displayed lower values with respect to the untreated meat for all days of storage.  

The comparison between the net intensities of the major protein Raman bands in the 

background corrected spectra at each direction of the muscle fibers (parallel and 

perpendicular) showed that the detected intensities of turkey (pectoralis major) are 

higher than for pork (LD) for both untreated and sterilized meat, notably at the amide I 

band for all measuring days, as shown in Figure 4.19 (a, b), respectively. 

Figure 4.18: Fluorescence background intensity of sterilized pork (red) and turkey 

(black) for 14 days of storage. Lower intensities background can be observed 

compared with untreated meat in Figure 4.17 
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However, an obvious decrease of the net intensity values from the 9th day till the end of 

storage for the untreated meat of both pork and turkey meat. Nevertheless, no decrease 

of these values can be found during storage time for the sterilized meat of both meat 

types. 

On the other hand, the principal components analysis of both animals showed a clear 

distinction between the edible and the spoiled meat of the untreated meat (Figure 4.8 in 

page 43) and (Figure 4.15 in page 55). 

Figure 4.19: Net intensity values of amide I band for untreated (a) 

and sterilized (b) pork and turkey meat, the values were taken 

from the parallel state of the corrected spectra for both meat types 
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The microbial analysis of both untreated pork and turkey meat indicated two 

exponential phases of the increased bacterial growth on the meat surface during storage, 

as shown in Figure 4.20 (a, b), respectively. For both animals the first phase starts from 

the second day till the 6th day. Moreover, the bacterial surface load limit of 106 cfu/cm2 

is reached at the 7th day for both meat types. Nevertheless, the first phase for turkey 

extended till the 10th day of storage. Furthermore, the sigmoid growth kinetics of pork 

showed stagnation phase between the 6th day and the 8th day whereas this was not 

observed for turkey. Additionally, the last day of storage for pork reached to 1014 

cfu/cm2, whereas the last day for turkey was around 1012 cfu/cm2. 

 

 

In this chapter, polarized Raman measurements were performed for parallel and 

perpendicular orientations of muscle fibers of untreated and sterilized pork and turkey 

as red and white meat, respectively. The measurements were performed by means of a 

671 nm microsystem diode laser for 14 days of storage. Here, the major results in this 

study can be summarized in the following points: 

 For both animals, the spectra allowed for a clear discrimination of the fiber 

orientation as well as for the detection of spoiled and unspoiled samples as was 

shown with PCA by using the first two principal components which both 

represented more than 94 % of the total variance.  

Figure 4.20: Colony-forming units (cfu) on the meat surface of untreated pork (a) and turkey (b) 
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 The distinction of the fiber orientation was related to polarization sensitive 

signals which can be assigned mainly to the highly ordered α-helical protein 

domains in the myofibrils (notably amide I at 1650 cm-1, CH bending at 1450 

cm-1, amide III at 1312 cm-1 and two C-C skeletal stretching modes at 940 cm-

1and 900 cm-1).  

 As the spectra of the sterilized meat samples of pork and turkey meat maintained 

their distinct separation for both fiber orientations, we conclude that the bacterial 

growth on the meat surface can be considered as the main causative agent of 

reducing the anisotropic properties of the Raman spectra during storage time.  

 This polarized Raman study on spoiled and sterilized red (pork) and white 

(turkey) meat has contributed to further understanding the mechanism of the 

Raman detection of meat spoilage showing that in addition to the fluorescence 

generated by bacteria on the meat surface, the bacteria also damp polarization-

dependent Raman signals of α-helical protein (amide I, amide III, and C-C 

stretch) domains in the muscle fibers which are the major cause for the optical 

anisotropy of muscle fibers. 
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4.2 SERDS measurements of oriented pork muscle fibers affected by 
storage 

 
Shifted excitation Raman difference spectroscopy (SERDS) was applied in order to 

remove the disturbing fluorescence signal background in polarized Raman spectra of 

two orientations of muscle fibers (parallel and perpendicular).  

To perform this measurement two separate laser cavities by means of two reflection 

Bragg gratings with slightly different center wavelengths were utilized [81]. In this way, 

two slightly different emission wavelengths at λ1 = 670.8 nm and λ2 = 671.3 nm are 

generated. 

4.2.1 SERDS spectra 
 
Figure 4.21 displays a comparative view of Raman and SERDS spectra of meat for 

parallel and perpendicular orientations of oriented pork muscle fibers. In this way, a 

complete subtraction of the fluorescence background was performed. Furthermore, all 

characteristic Raman signals of the meat protein structure of both orientations can be 

identified. As all the strong Raman bands, in addition to the weak Raman bands can be 

recognized (see Table 2.1). 

As we found in the previous chapter the Raman bands which are attributed to α-helical 

structure of amide I at 1650 cm-1, amide III at 1312 cm-1, and C-C stretch at 939 cm-1 

and 902 cm-1, in addition to CH2 bending at 1450 cm-1 give strong signals in the parallel 

orientation of muscle fibers. Here, by means of SERDS spectra these bands are very 

prominent compared with the Raman spectra [39]. The SERDS spectra revealed strong 

signal of the band at 1342 cm-1 which is attributed to CH bend residue and Trp [32, 33, 

42, 89] in the perpendicular orientation of the muscle fibers. 

Moreover, a small shift of the amide I band at 1658 cm-1 in the perpendicular state was 

revealed by means of SERDS spectra. This shift can be attributed to the overlapping 

resulted from the α-helices and the β-sheet structures, where the β-sheet structure is not 
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oriented [38, 60]. Here, α-helices can be found at 1650 cm-1, and β-sheet can be 

observed at 1658 cm-1. 

Figure 4.22 displays a plot for all investigated days of SERDS Raman spectra of storage 

of pork in the parallel orientation of the muscle fibers. It is clearly recognized that all 

the protein Raman bands for all days of storage can be revealed, where the fluorescence 

background for the Raman spectra of all investigated days was removed. Furthermore, 

an obvious decrease of the net intensity of the Raman bands with storage time is 

observed, notably for amide I and CH bending bands. This decrease of the net intensity 

was found for both parallel and perpendicular orientations of muscle fibers. 

 

Figure 4.21: Comparison of Raman (upper traces) and SERDS spectra (lower traces) of parallel 

and perpendicular states of oriented muscle fibers of LD pork. The spectra are taken from the 3rd

day of storage for both parallel and perpendicular states. The peaks which are signed with (⋆)

represent the Raman bands of oriented α-helical structures, whereas the peaks which are signed 

with (↓) represent the weak Raman bands which are revealed by SERDS 
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4.2.2 Statistical analysis 
 
Principal component analysis PCA as a statistical method was applied to probe the 

changes in the SERDS spectra of pork meat for 14 days of storage of parallel and 

perpendicular orientations of muscle fibers. Figure 4.23 presents a plot of the scored 

SERDS data revealing a distinction between the two orientations by means of PC 1, and 

information according to meat denaturation by means of PC 3. Here, due to the 

subtracting of fluorescence background from the Raman spectra the polarization 

dependence has the major effect in the SERDS data as represented by PC 1.  

Negative scores were plotted for parallel data, whereas positive scores were plotted for 

perpendicular data according to PC 1. 

Figure 4.22: SERDS spectra for selected days of storage time in the parallel orientation of muscle 

fibers 
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On the other hand, by means of PC 3 information according to time-dependent effect 

can be recognized. This time-dependent differentiation can be attributed to the decrease 

of the net intensities of the major Raman bands during storage time. Where, in the 

SERDS spectra all fluorescence background was eliminated and only the changes in the 

characteristic Raman signatures can be adopted as an indicator of meat decomposition.  

Hence, According to PC 3 two main clusters can be revealed for both parallel and 

perpendicular orientations. The first cluster contains the first 6 days of storage as edible 

meat, whereas the second cluster includes the 7th day till the last day of storage as 

spoiled meat. This time-dependent distinction is in accordance with the microbial 

analysis for pork meat which was performed in University Bayreuth, Research Center of 

Food Quality. Where, the first 4 days of storage displayed lower colony counting 

Figure 4.23: PC 1 and PC 3 of the PCA of the SERDS spectra of parallel and 

perpendicular orientations of oriented muscle fibers of LD pork meat for 14 days of 

storage 
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numbers of 104 cfu/cm2 compared with the other days which displayed higher colony 

numbers up to 1015 cfu/cm2. 

Moreover, according to PC 3 negative signs were plotted for the first group for both 

orientations, whereas positive signs were plotted for all days of the second group in the 

parallel state, while some days from the perpendicular state were plotted in the negative 

part of the PCA.  

The corresponding loading 1 and 3 of the PCA are presented in Figure 4.24. 

 

Loading 1 manifests the Raman bands which are responsible for the separation between 

the two orientations of muscle fibers (parallel and perpendicular). Where the strongest 

effect can be observed for the amide I band at 1650 cm-1 with positive signal, as well as 

the CH bending band at 1450 cm-1, the band of Trp and CH bend at 1342 cm-1, the C-C 

stretch bands at 939 and 902 cm-1, while a small contribution from the amide III band at 

1312 cm-1 can be recognized. Nevertheless, negative signals were observed for the band 

Figure 4.24: Loading 1 and 3 of PCA of SERDS data plotted for time-dependent investigation of 

parallel and perpendicular oriented muscle fibers of LD pork 
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at 1662 cm-1 which can be attributed to β-sheet, where the amide I band corresponds to 

sum of coupled modes of the polypeptide backbone [90]. In addition, the band at 1342 

cm-1 which is attributed to the Trp and the CH bend residue is also displayed as negative 

sign in loading 1. 

On the other hand, loading 3 showed the protein Raman bands of meat affected by 

storage time. As all the polypeptides protein backbone and the aromatic amino acids 

Raman bands can be recognized, except for the amide I band which displayed negative 

week signal with respect to the other bands.   

By comparing the statistical evaluation of the PCA of the Raman spectra with the 

SERDS spectra we found that PC 1 which has the largest variability in the data 

described time-depending changes in the case of Raman spectra, whereas in the case of 

SERDS spectra it discriminated the two orientations of the muscle fibers. Here, after the 

complete rejection of fluorescence background from the spectra the polarization 

information became the dominant effect in the SERDS data. Furthermore, the time-

dependent variations between the storage periods differ between the distinction which 

was found by means of Raman spectra (see Figure 4.8 in page 43) and the distinction 

which was found using SERDS spectra. In the PCA of the Raman spectra PC 2 

displayed time-dependent distinctions with three separated groups of fresh meat, 

incipient spoiled meat, and spoiled meat. Moreover, a clear decrease on the anisotropy 

was recognized between the two orientations during storage. On the other hand, in the 

PCA of SERDS spectra the time-dependent changes were presented in PC 3, and only 

two separated groups were recognized and no clear decrease in the anisotropy can be 

observed along the storage period between both orientations (parallel and 

perpendicular), where the fluorescence background was removed from the SERDS data. 

4.2.3 Conclusion 
 
In this section, SERDS was applied to show the potential for a complete rejection of the 

fluorescence background in Raman spectra for the purpose to probe the changes of the 

protein Raman bands affected by storage time for two orientations of the muscle fibers 
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(parallel and perpendicular) of LD pork meat. The main results which were found in this 

study are summarized as following: 

 For all days of storage time SERDS technique effectively removed the signal 

background resulting in a straight horizontal baseline and a clear identification 

of the weak Raman bands was acquired.  

 The distinction between the two orientations of muscle fibers become clearer, as 

the Raman bands which are affected by orientation can be clearly recognized.  

 By means of principal components analysis (PCA) the differentiation between 

the two orientations was presented by PC 1 as a major variability after 

eliminating the fluorescence background from the data, whereas the time-

dependent changes which can be attributed to the decrease of the net intensities 

of the major Raman bands with storage time were displayed in PC 3.  

 Despite of the complete rejection of the fluorescence in the SERDS spectra for 

all days of storage information according to time-dependent changes can be 

obtained. This information depend on the changes on the protein Raman bands 

with storage time.  
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4.3 Polarized Raman study of exotic meat species affected by storage 
 
Crocodile, python, camel and zebra are known as exotic meats in Germany and many 

countries. Nevertheless, this kind of food is classified as major dietary sources in many 

nations, such as crocodile in Africa and America, python in Asia, camel in Arabic 

countries, and zebra in Africa. 

Polarized Raman measurements for two orientations (parallel and perpendicular) of 

muscle fibers of exotic meat species of crocodile, python, zebra, and camel in 14 days 

of storage time were performed. The purpose of this investigation is to characterize the 

Raman spectra of these muscles and to detect the microbial spoilage on meat surface of 

the exotic muscles. Where, monitoring two orientations of muscle fibers of these 

muscles allows probing their anisotropic properties under aging and spoilage effects 

which enables for more information about microbial spoilage of meat surface during 

storage.  

To perform this investigation filets samples of crocodile (tail), python (tail), zebra 

(striploin), and camel (tenderloin) were ordered from an exotic meat company (Ralf 

Olde company, Germany). All these muscles were purchased frozen at -18 C° with 

shelf-lives of 13 months for crocodile meat, 5 months for python meat, 14 months for 

zebra meat, and 8 months for camel meat.  

For thawing process all frozen meat species were stored at 5 C° for 24 hours. After 

thawing the meat samples were cut along the fiber orientation into 36 slices with a 

thickness of around 2 cm and then packed in Petri dishes. Then, all slices were stored at 

5 C° in laboratory refrigerator to perform time-dependent measurements for a period of 

14 days of storage.  

For each measured day 3 slices of each species were used. At each orientation 5 

different positions were detected with a repetition of 10 Raman spectra at each. This 

means, 150 single Raman spectra were obtained from 15 sampled positions at each fiber 

orientation per meat species at each day of storage. 
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4.3.1 Spectra of crocodile, python, zebra, and camel  
 
Figure 4.25 shows a comparative view of typical Raman spectra of (a) crocodile, (b) 

python, (c) zebra, and (d) camel. 

The presented spectra of all species are taken from the 3rd day of storage, where the 

meat still can be eaten, as was found in the pH-values (see Figure 4.28 in page 75). The 

characteristic protein Raman signature of all species can be clearly identified, except for 

camel where the fluorescence is completely masking the Raman spectrum. Furthermore, 

the Raman spectra of crocodile and python show lower signal background compared 

with zebra (left hand scale in Figure 4.25) while the difference in the background of 

these three species becomes higher with respect to camel, where it displays about ten 

times higher fluorescence background compared with the other meat species (right hand 

scale in Figure 4.25). 

Figure 4.25: Typical Raman spectra of (a) crocodile, (b) python, (c) zebra, and (d) camel. The 

spectra were taken from the parallel orientation of the 3rd day of storage of all examined 

animals  
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This change in the signal background between the four species is attributed to the 

differentiation of the optical properties of each meat species, in addition to the 

variations of the myoglobin content between the meat species [2]. This can be clearly 

observed in Figure 4.26.  

 

Figure 4.26: A picture at the second day of measurement of the examined exotic meat species (a) 

crocodile, (b) python, (c) zebra, and (d) camel 

Differences in colour are attributed to differences of the myoglobin content. A greater 

myoglobin concentration yields a more intense colour, where myoglobin content 

concentration also differs among animal species. Here, crocodile meat displays very 

light colour like chicken, python meat can be comparable to pork meat, zebra has a 
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colour between pork and beef, and camel meat has a dark colour which can be 

comparable to beef. 

4.3.2 Statistical analysis 

4.3.2.1 Polarization dependence  
 
In order to obtain information of aging and spoilage effects of exotic meat species, in 

addition to monitor the anisotropy of the muscle fibers of each meat species undergoing 

aging and spoilage effects principal component analysis (PCA) as a statistical method 

was applied. PCA was performed for the Raman spectra of two orientations of muscle 

fibers (parallel and perpendicular) for 14 days of storage period for each species, as 

shown in Figure 4.27. 

For crocodile, python and zebra PC 1 exhibits time-dependent changes of the Raman 

spectra whereas PC 2 describes the polarization effect of the two orientations of muscle 

fibers during storage. This is in agreement with our previous investigation on pork and 

turkey meat [91, 92].  

For each of crocodile, python and zebra three distinct stages can be revealed for both 

orientations (parallel and perpendicular) in the scores plot with respect to PC 1. Similar 

distribution of the investigated days for both orientations can be observed for the three 

species of crocodile, python, and zebra with negative scores for parallel state and 

positive signal for perpendicular state along PC 1. 

According to PC 1, for crocodile the first cluster contains the first 3 days of storage 

whereas for python it contains the first 4 days of storage, while for zebra the first cluster 

includes the first 5 days of storage. The second cluster for crocodile contains the 4th day 

till the 8th day, and for python it contains the 7th day till the 9th day, while for zebra it 

comprises the 6th day to the 9th day of storage. The last stage for crocodile includes the 

last 4 days of storage, whereas the last group for each of python and crocodile 

comprises the last 3 days of storage. 



74 
 

 

For camel in Figure.27 (d), four separated groups can be observed according to PC 1, 

the first group contains the first 5 days of storage, and the second group contains the 7th 

and the 8th days as a transition area for the third group which comprises the 8th to the 

10th days, while the last group comprises the last two days of storage. Furthermore, the 

first stage for each of the four species is located in the negative part of PC 1. 

Nevertheless, the second stage displays different plots for each of the four species. 

Where, for crocodile the second stage is plotted in the negative part of PC 1 whereas for 

python a part of this stage is plotted in the positive part, while for zebra the second stage 

is located in the positive part of PC 1. In addition, the second stage for camel is located 

in the negative part of PC 1. Moreover, the last stage for all of the three species 

Figure 4.27: Raman spectra scored for PC 1 and PC 2 for crocodile (a), python (b), zebra (c), and 

camel (d) for two directions of muscle fibers (parallel and perpendicular) for a time period of 14 

days of storage 
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(crocodile, python, and zebra) is plotted in the positive part, as well as the last two 

stages of camel is also located in the positive part of PC 1. 

 

Figure 4.28: pH-values of (a) crocodile, (b) python, (c) zebra, and (d) camel meat for 14 days of 
storage 

 
A compatible result was found for the changes of the pH-values and the off-odors 

determination of the meat slices of the four examined species during the refrigerated 

warehousing with the time-dependent of storage time displayed in PC 1. This can be 

found in Figure 4.28 (a, b, c, and d) for crocodile, python, zebra, and camel, 

respectively.  

For crocodile, the first 8 days of storage as an edible meat displayed the lowest pH-

values and normal smell of the meat slices at these days. Then a clear increase of these 

values combined with a change of the smell test was observed from the 8th day till the 
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10th day of storage as spoiled stage. The last 3 days of storage showed higher pH-values 

and more sourly smell compared with the previous days of storage as a heavily spoiled 

stage for crocodile meat.  

For python, low pH-values were recorded for the first 2 days as an edible meat. Then a 

slight increase of these values at the 3rd day was observed. Then from the 3rd day till the 

8th day the pH-values displayed equals values as an incipient stage of spoilage. From the 

8th day till the last day of storage the values displayed a continuous increase in the pH-

values as spoiled meat. In addition, a sourly smell was also found at the last 4 days with 

respect to the previous days of storage period.  

For zebra, the lowest pH-values were found at the first 2 days of storage. Then a clear 

increase of these values was recognized till the 9th day of storage, while the last 5 days 

represent the highest pH-values. The smell test also revealed sour off-odors for the last 

5 days of storage.  

For camel, only the pH strips of one field showed changes in the pH-values, where the 

first 7 days of storage displayed equal and low values, which can be considered as an 

edible meat. A normal smell was also recognized at the first 7 days. Then at day 8 an 

obvious increase of the pH-values, where in this stage the increase of the pH-values was 

conjugated with a change of the smell of the meat slices. Then, a clear increase was 

found at the 10th day until the last day of storage where the meat was spoiled. 

On the other hand, PC 2 in Figure 4.27 discriminates the two polarization directions 

(parallel and perpendicular) for each of crocodile, python and zebra, but not for camel. 

Large variance is revealed for the first stage for each of the three species. Then, due to 

the increase of the bacterial growth on the meat surface a decrease of the anisotropy can 

be recognized for the second stage. Moreover, very low degree of the anisotropy can be 

observed at the last stage of each species as the bacteria on the meat surface obscure the 

polarization information on the muscle fibers. 
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However, in contracts to the other species which have less content of myoglobin, no 

polarization dependence can be found for camel meat for both orientations of muscle 

fibers. This can be attributed to the high fluorescence background resulted from the high 

content of myoglobin detected in the Raman spectra of both orientations of muscle 

fibres in camel meat. It was found that camel meat had slightly higher (L*, a*, b*) 

values than cattle meat [93]. This darker colour is more likely a result of increased 

myoglobin content due to species differences [2]. Thus, the high fluorescence resulted 

from the high myoglobin pigment which was detected in camel meat obscures the 

polarization effect of the oriented protein structures in muscle fibers. 

4.3.2.2 Meat species differentiation 
 
In the unprocessed Raman spectra, no differences can be found between the protein 

signatures of the investigated exotic meat species, notably for crocodile, python, and 

zebra. At the first days of storage the Raman spectra exhibit low fluorescence 

background as the bacterial growth has a minimum effect on the meat surface. 

Therefore, PCA was applied for the average spectra of both orientations (parallel and 

perpendicular) normalized at the wavenumber of 1520 cm-1 of the background for the 

first four days of storage of all meat species of crocodile, python, zebra and camel. 

As shown in Figure 4.29, by the combination of PC 1 with PC 3 an entire distinction for 

the four probed meat species can be clearly revealed in four separated groups. Most of 

the separations between the meat species are made using PC 1. As the differentiation 

between the three species of crocodile, python, and zebra on one hand and camel on the 

other hand, can be clearly observed. Here, the three species of crocodile, python and 

zebra are located in the positive part of PC 1 whereas the camel meat samples are 

located in the negative part according to PC 1. In addition, the distinction between zebra 

and the two species of (crocodile and python) can also be observed according to PC 1. 

Although the three species of crocodile, python, and zebra are located in the positive 

part of PC 1, the plot of zebra samples displays lower values compared with the other 

two species with respect to PC 1. 
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On the other hand, according to PC 3 a distinction between the three species of 

(crocodile, zebra, and camel) in one hand and python in the other hand can be revealed. 

Where, all meat samples of python were located in the negative part of PC 3 whereas all 

samples of crocodile and zebra are located in the positive part, while camel meat 

samples are dispersed between the positive and the negative parts with respect to PC 3. 

In Figure 4.29, the camel meat samples are clearly recovered separately from the other 

three meat species. This is attributed to the dark red colour of camel muscle resulted  

from high content of myoglobin [2, 94] in camel meat compared with the other species, 

Where the corresponding loading 1 and 3 of the PCA in Figure 4.30 displayed 

myoglobin signals. 

Figure 4.29: Raman spectra scored for PC 1 and PC 3 for the four meat species of 

crocodile, python, camel and zebra. The PCA was performed for the average first four 

days of storage with low bacterial effect  
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Thus, the combination of PC 1 and PC 3 allowed for a clear distinction of the Raman 

spectra of the four exotic meat species. The main reason for the differentiation between 

the four species in the PCA is the difference of the myoglobin content between the 

investigated meat species, in addition to the change of the protein signature of each 

species which was found recently in our group [41]. Where, a clear separation between 

the most commonly consumed meat species of beef, pork, chicken, and turkey was 

revealed using shifted excitation Raman difference spectroscopy (SERDS).   

 

 

For detailed information about the distinction in the PCA, the corresponding loading 1 

and 3 in Figure 4.30 represent spectral characteristics of the protein signatures in Raman 

spectra, which are responsible for the differentiation between the animal meat species of 

crocodile, python, zebra, and camel. Both loadings 1 and 3 display Raman signals 

attributed to the myoglobin segments [95-97] and the protein’s structure of meat, which 

are listed in Table 4.1. 

 

Figure 4.30: Loading 1 and 3 from PCA of Raman data of crocodile, python, zebra, and camel 
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Table  4.1 Prominent Raman bands in PCA loadings (in cm-1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusion 
 
Polarized Raman measurements were performed for two orientations (parallel and 

perpendicular) of muscle fibers of exotic meat species of crocodile, python, zebra, and 

camel for 14 days of storage.  

 For the first time the characteristic Raman signature for each of the investigated 

meat species of crocodile, python, zebra, and camel was identified. 

Assignment Loading 1 Loading 3 

Mb - 716 

Mb, Trp 754 758 

Tyr 825 829 

C-C stretch 928 929 

Mb, Phe 1002 1000 

(C-N) 1103 - 

Mb, (C-N) - 1124 

Mb, Phe, Tyr - 1224 

Tyr, Phe 1243 - 

Amide III - 1263 

Amide III 1310 - 

Mb, Trp, CH bend 1336 1343 

Mb 1519 1521 

Mb, CH bend 1441 - 

Mb - 1562 

Trp, Phe, Tyr 1611 - 

Amide I 1647 1652 
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 High fluorescence background was detected in the Raman spectra of camel meat 

due to higher myoglobin content in camel compared with the other examined 

species. 

 This increase of the fluorescence background in the Raman spectra in camel 

obscures the polarization information on the investigated meat surface of camel 

meat for all days of storage. 

 By means of PC 1 and PC 2 of the PCA, information according to storage and 

orientation effects was obtained for the examined meat species, except for camel 

where only information according to storage effect was obtained. 

 Due to the differences of the myoglobin content between the investigated meat 

species a clear differentiation between the four exotic species was found using 

PC 1 and PC 3 of the PCA. 
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5 Additional investigations 

5.1 Raman spectroscopic differentiation of beef and horse meat  
 
Recently, in winter 2013, many European countries suffer from the adulteration scandal 

of horse meat being sold as beef. Due to the similar appearance of beef and horse meat, 

especially if they are minced or, frozen it was quite difficult to uncover the deceit.  

Raman spectra of fresh muscles of beef and horse were obtained for a time period of 12 

days of storage. For our investigations, fresh muscles of horse (sirloin steak) and beef 

(sirloin steak) were cut and stored at 5 °C, and time-dependent Raman measurements 

were performed daily up to 12 days post-mortem. The muscles were cut into 2 cm thick 

slices and packed in Petri dishes. For each measuring day, two cylindrical subsamples 

with a diameter of 2 cm from each slice were cut and subsequently mounted in PVC 

tubes. For each measured meat cylinder, 7 different positions were probed, detecting 10 

single Raman spectra each. In total, 140 single Raman spectra from 14 sampled 

positions per meat species were obtained for each measuring day. 

5.1.1 Spectra characterization 
 
High levels of fluorescence interference were found in the Raman spectra of both horse 

and beef. The fluorescence intensity in the spectra is in accordance with our previous 

results [35, 36, 85] i.e. low fluorescence interference for the first days of storage, and 

slow increase of the fluorescence until the last day of storage can be observed. 

However, the fluorescence background of horse meat display higher values compared to 

beef for all days of storage. 

Figure 5.1 displays a comparative view of unprocessed Raman spectra obtained for 

fresh beef (a) and horse (b) meat.  

The pronounced difference in the fluorescence background can be explained by 

different myoglobin contents of both species which was found for different animals also 

for horse and beef [98]. 
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However, the Raman spectra of both animals exhibit the characteristic meat protein 

structure comprising vibrations of the polypeptide backbone (amide, CH bending, and 

C-C stretch bands) as well as aromatic amino acid signals (phenylalanine (Phe), tyrosine 

(Tyr), and  tryptophan (Trp)) [32, 62]. 

5.1.2 Statistical analysis 
 
To illustrate the distribution and potential clustering of samples according to the 

spectral features of the two investigated meat species, principal component analysis as 

statistical method was applied. The Raman spectra were normalized at 1520 cm-1 and 

the wavenumber range from 700 to 1700 cm-1 was used for the statistical evaluation. 

Figure 5.2 displays the corresponding scores plot of horse and beef meat spectra for the 

first and the second principal components explaining 79 % and 18 % of the total 

variance in the dataset, respectively.  

Figure  5.1 Raman spectra of fresh horse (a) and beef (b) meat at day 3 of storage, the 

spectra are normalized to 5 s integration time 
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The clear differentiation between horse and beef meat is made by PC 1, with negative 

values for beef samples and positive values for horse samples. Furthermore, PC 2 

provides information about aging and spoilage effects revealing three separate stages for 

each meat species.  

Negative score values indicate a first stage for both species, including the days 3 till 5 

for beef and the days 3 to 7 for horse. Subsequently, the sign according to PC 2 changes 

from negative to positive.  

Figure  5.2: Scored Raman spectra for PC 1 and PC 2 for horse and beef meat for 12 

days of storage. PC 1 reveals meat species identification, while PC 2 displayed time-

dependent changes for both species 
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The corresponding clusters in Figure 5.2 comprise the 6th day to the 9th day for beef and 

the 8th day till the 11th day of storage for horse. The last stage containing the days 10-12 

for beef as well as day 12 for horse shows high positive score values.  

The storage-time dependent separations by means of PC 2 represent specific stages of 

meat status and can be correlated with the determined pH-values as well as with the 

results of the smell test displayed in Figure 5.3 for horse (a) and beef (b). 

The days 3-5 for beef as well as the days 3 till 7 for horse correspond to edible meat 

samples exhibiting low pH-values and a normal smell. The second stage (6th to 9th day 

for beef and 8th to 11th day for horse) contains those samples showing incipient and 

considerable spoilage. Here, a slight increase in the pH-value accompanied by the 

pronounced development of unpleasant smells (light sour changing to sour) could be 

observed. The third stage with beef samples with an age of 10-12 days as well as the 12 

days old horse meat represents completely spoiled specimens. In this case, significantly 

increased pH-values and very strong off-odors were determined. 

Briefly, the statistical analysis of the recorded Raman spectra applying PCA allowed for 

a discrimination of beef and horse meat. Furthermore, an identification of distinct stages 

of meat spoilage could be realized. Here, both species revealed a slightly different 

temporal behavior as the stage of edible meat lasts only up to day 5 for beef while this 

stage continues till the 7th day of storage for horse.  
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To analyze the spectral features responsible for the obtained separations, the first two 

loadings of the PCA are presented in Figure 5.4. Loading 1 which is responsible for the 

animal-specific distinction is dominated by characteristic signals attributed to 

myoglobin pigments at 1613 cm-1, 1561 cm-1, 1543 cm-1, 1521 cm-1, 1449 cm-1, 1399 

cm-1, 1355 cm-1, 1337 cm-1, 1315 cm-1, 1124 cm-1, 1000 cm-1, 949 cm-1, and 754 cm-1 

[95, 96].  

Figure  5.3: Surface pH-values of horse (a) and beef (b) for 12 days 

of storage 
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Additionally, the strong amide I band at 1649 cm-1 as well as two signals from Tyr at 

827 cm-1 and 850 cm-1 can be recognized. In this way, the separation between the two 

meat species is mainly based on differences in the myoglobin content between beef and 

horse meat. This finding is in accordance with our previous study with beef, pork, and 

poultry [41] where the separation of the investigated species was also based on 

differences in myoglobin content to a large extent. Additionally, small differences in 

myoglobin amino acid composition of beef and horse [99] possibly also have a 

contribution to the obtained distinction.  

 

 

In a similar way as observed in our previous investigations [35, 88, 92], loading 2 

shows a typical protein structure of meat representing the signal-to-background-ratio of 

the Raman spectra affected by aging and spoilage effects during time-dependent 

storage. Here, typical protein Raman bands as amide I at 1650 cm-1, amide III at 1316 

cm-1 and 1261 cm-1, CH bending bands at 1447 cm-1 and 1340 cm-1 can be recognized. 

Furthermore, a C-C stretch band at 933 cm-1, as well as protein backbone bands at 1117 

Figure  5.4: Loading 1 and 2 from PCA of time-dependent storage time of horse and 

beef meat, Loading 1 contains information about myoglobin signals and loading 2 

displays Raman signature of protein structure in meat 
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cm-1 and 1086 cm-1 are observable. Characteristic signals of aromatic amino acids are 

present at 1604 cm-1 (Trp, Phe, Tyr), 1553 cm-1 (Trp), 1205 cm-1 (Phe, Tyr), 1002 cm-1 

(Phe), 852 cm-1 (Tyr), and 822 cm-1 (Tyr). 

5.1.3 Conclusion 
 
In this section, time-dependent Raman measurements for a combined approach of meat 

species identification and the determination of spoilage effects were performed for 

horse and beef meat using a 671 nm microsystem diode laser. Here, we found: 

 Compared to beef, the Raman spectra of horse meat showed a high fluorescence 

background for all days of storage.  

 A PCA revealed an unambiguous distinction between the two meat species 

according to PC 1, while PC 2 displayed a separation related to aging and 

spoilage processes for both meat species.  

 Characteristic myoglobin signals could be identified in the corresponding 

loading 1 of the PCA, whereas loading 2 represents the signal-to-background-

ratio of the meat Raman spectra affected by storage time. 
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5.2 Storage-time dependent Raman studies of fresh and frozen-
thawed meat  

 
Even though the frozen storage is the best method to serve the fresh meat edible as long 

as possible, nevertheless this method affects the quality of meat to some extent [100].  

In order to study the effect of frozen storage on fresh meat during storage time, time-

dependent Raman measurements were performed on muscles of fresh and frozen pork 

and turkey meat for 11 days of storage. 

As test samples, semimembranosus muscle (SM) of pork and turkey (breast musculus 

pectoralis major) were used in our investigation. Each fresh muscle of each animal was 

divided into two parts. Half of the muscles was stored at -18 °C in the deep freezing 

(Privileg 200 Gefrierschrank) in polyethylene bags, while the other half was cut into 11 

slides in order to perform aging measurements of fresh meat. The slices were stored 

refrigerated in their bags at 5 °C. 

The other half of muscles was frozen for a period time of three weeks. Then for thawing 

process the frozen muscles of pork and turkey were transported to the refrigerator at 5 

°C for 24 h. Then these muscles were cut into 11 slices to perform time-dependent 

measurements of frozen meat. 

For each fresh and frozen meat 2 samples per day were measured, and 5 positions were 

detected of each sample with a repetition of 10 Raman spectra at each position. This 

means for each measurement day 100 Raman spectra were averaged for each examined 

animal. 

5.2.1 Pork 
 
The unprocessed averaged Raman spectra of fresh and frozen SM pork meat for 11 days 

of storage time are displayed in Figure 5.5 (a, b), respectively. The Raman spectra for 

both fresh and frozen-thawed meat show low fluorescence background for the first days 

of storage, and then with storage time gradual increase in the fluorescence background 

till the last day of storage can be observed. 
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Nevertheless, the Raman spectra from the 8th day till the last day of storage show higher 

fluorescence background for frozen-thawed meat compared with fresh meat. On the 

Figure  5.5: Unprocessed daily averaged of hundred Raman spectra for 

fresh (a) and frozen-thawed (b) pork (SM) meat for 11 days of storage, the 

data are normalized to 5 s 
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other hand, it is clearly recognized that the major protein Raman bands can be clearly 

identified. I.e. the amide bands, as well as the aromatic amino acids bands can be 

recognized. 

The spectral profile of the main protein Raman bands of amide I, III, as well as the CH2 

bending band can provide information on protein backbone secondary structure. Here, 

the net intensity values of amide I, CH2 bending, amide III bands in Raman spectra of 

fresh and frozen-thawed pork meat were monitored for all days of storage, as displayed 

in Figure 5.6 (a, b, and c), respectively.  

It is clearly recognized that the net intensity values of fresh meat show higher values for 

fresh pork compared with frozen-thawed pork for each of the three monitored bands for 

essentially all days of storage. This can be clearly recognized at the first 5 days of 

storage. Furthermore, an obvious decrease of the net intensity values can be observed 

from the 5th day till the last day of storage for the two protein bands amide I, III for both 

the fresh and the frozen-thawed meat, whereas the net intensity values of CH2 bending 

band of fresh meat show a gradual decrease from the first day till the last day of storage. 

The main explanation for the changes in meat during frozen and thawing can be 

clarified. When meat is frozen, the water cells inside the meat turn to solid ice crystals. 

The water cells expand when it freeze. Thus, the sharp edges of the frozen water cells 

push into the surrounding tissues and rupturing them.  

When meat thaws, the original balance does not return to normal and the thawed meat 

will have lost some of its natural elasticity. Furthermore, the water released during 

freezing seeps out of the thawing meat and into the package. Furthermore, it found that 

frozen and thawed processes cause myofibrillar degradation and increase water 

movement in the muscle [101]. 
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Figure  5.6: Net intensity variations for amide I (a), CH2

bending (b), amide III (c) bands of the Raman spectra of fresh 

(red) and frozen-thawed (blue) pork (SM) for 11 days of 

storage 
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To perform the PCA, the averaged normalized spectra at the wavenumber of 1520 cm-1 

of the background of the spectral region from 700 to 1800 cm-1 were used for both the 

fresh and the frozen-thawed meat samples.  

As shown in Figure 5.7, a clear distinction between fresh and frozen-thawed meat along 

the storage time by means of PC 1 and PC 2 can be observed. Nevertheless, most of this 

separation between the fresh and the frozen-thawed meat is made by means of PC 2, 

where PC 1 is responsible for time-dependent separation.  

According to PC 2, negative scores were plotted for fresh meat for all days of storage 

whereas positive scores were plotted for most days of storage for frozen-thawed meat. 

Nevertheless, this separation is more pronounced for the first days of storage compared 

with the last days. 

Figure  5.7: Scores plot of Raman data for PC 1 and PC 2 for 11 days of storage of 

fresh and frozen-thawed pork (SM) meat, dash line indicating separation between 

fresh and frozen-thawed samples 
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Furthermore, separations attributed to time-dependent effect are described by PC 1 for 

both fresh and frozen-thawed meat. Three separated groups can be remarked for both 

fresh and frozen-thawed SM. The first group of fresh meat contains the first 6 days of 

storage whereas the first group of frozen-thawed meat contains the first two days of 

storage. The second group of fresh meat comprises the 7th day till the 9th day, while this 

group of frozen-thawed meat comprises the 3rd day till the 7th day of storage. The last 

group of fresh meat contains the last two days of storage whereas the last group of 

frozen-thawed meat includes the last 4 days of storage.   

Moreover, negative signs were plotted for the first two groups of fresh meat whereas 

only the first group of frozen-thawed meat has negative sign according to PC 1. In 

addition, only the last group of fresh meat has positive sign, while the last two groups of 

frozen-thawed meat show positive sign with respect to PC 1.   

The storage time dependent separation in PC 1 of fresh and frozen-thawed pork meat is 

compatible with the determined pH-values as well as with the results of smell tests 

indicating a microbial spoilage, as shown in Figure 5.8 for fresh (a) and frozen-thawed 

(b) pork. The first 6 days of storage showed low values for both fresh and frozen-

thawed samples. However, the first 4 days for fresh meat displayed lower values 

compared with frozen-thawed meat. Then, a clear increase of the pH-values was 

observed for fresh and frozen-thawed meat till the last day of storage, whereas the pH-

values of frozen-thawed samples displayed similar values till the 9th day of storage. 

Then, a strong increase of these values was found for the last 2 days of storage. 

Furthermore, the smell investigation for the meat slices showed that the first 7 days of 

fresh meat indicated normal smell, whereas only the first 2 days of frozen-thawed 

indicated normal smell. In addition, the sour smell for fresh meat was found form the 

last 8th day of storage, whereas for frozen-thawed meat the sour smell was recognized 

from the 6th day. 
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The corresponding first two loadings from the PCA of fresh and frozen-thawed SM 

pork are shown in Figure 5.9 for the fingerprint region from 700 to 1800 cm-1. Loading 

1 of the PC 1 displays the typical protein structure of meat which is affected by aging 

and spoilage effects during time-dependent storage. 

Figure 5.8: pH-values of fresh (a) and frozen-thawed (b) pork 

(SM) for 11 days of storage 
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The major protein Raman bands can be observed of amide I at 1650 cm-1, amide III at 

1310 cm-1, C-C stretch at 900 and 935 cm-1, as well as the backbone polypeptide band 

νCN at 1125 cm-1. In addition, the aromatic amino acids bands of tryptophan (Trp) at 

1550 cm-1, 1340 cm-1, 1173 cm-1 and at 753 cm-1, as well as the CH2 bending at 1444 

cm-1, and Tyr at 824 and 849 cm-1 and at 1173 cm-1 can be also identified.  

Furthermore, loading 2 of the PC 2 also represents contributed vibrations of the protein 

Raman bands which were displayed in loading 1 with negative signs for amide I and 

CH2 bending bands, and positive sign for the band of C-C stretch at 935 cm-1. In 

addition, the aromatic bands of Trp at 1550 cm-1, 1173 cm-1, and 753 cm-1, and the Phe 

band at 1000 cm-1, and the Tyr band at 824 cm-1 can also be recognized. 

5.2.2 Turkey 
 
The same time-dependent investigations like for pork were performed for 11 days of 

storage for turkey (pectoralis major), as shown in Figure 5.10 (a, b) for fresh and 

frozen-thawed meat, respectively. 

7009001100130015001700

 Wavenumber [cm-1]

Loading 1

Loading 2

1650 1444
1340

1000

935
849 7531550 824

1125

900

11731310

Figure  5.9: Loading 1 and 2 from PCA of fresh and frozen pork (SM) meat for 11 days of storage 
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As in the case of pork the raw spectra of fresh and frozen-thawed turkey showed low 

fluorescence background for the first days of storage. Then, a clear increase of the 

fluorescence background can be observed with storage time for both the fresh and the 

frozen-thawed turkey.  

Figure  5.10: Unprocessed daily averaged of hundred Raman spectra for 

fresh (a) and frozen-thawed (b) turkey (pectoralis major) for 11 days of 

storage, the data are normalized to 5 s 
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Nevertheless, the unprocessed Raman spectra of frozen meat display higher intensities 

compared with the Raman spectra of fresh meat, notably at the last two days of storage. 

As the Raman intensities of fresh meat reached to around 50,000 counts whereas the 

Raman intensities of frozen-thawed meat reached to around 70,000 counts. 

The changes of the net intensity values of amide I, CH2 bending, and amide III bands of 

the average Raman spectra of fresh and frozen-thawed turkey (pectoralis major) of 11 

days of storage are shown in Figure 5.11 (a, b, and c), respectively.  

Higher net intensity values can be clearly found for fresh turkey compared with frozen-

thawed turkey for the three examined Raman bands for all days of storage. 

Nevertheless, for fresh meat the first 5 days of storage show the highest values, and then 

the net intensity values exhibit a gradual decrease till the last day of storage. 

 For frozen-thawed turkey the highest values can be only recognized at the first 3 days 

of storage for all the three bands. Then from the 4th day till the 6th day of storage strong 

decrease can be observed for amide I, CH2 bending, and amide III at 4th day of storage. 

Then, the decrease of the net intensity values display slower velocity for the last days of 

storage compared with the previous days for the three Raman bands. Here we found that 

net intensity values are higher for turkey meat than for pork meat for both fresh and 

frozen-thawed samples for the three investigated Raman bands of amide I, CH2 

bending, and amide III, significantly at the first days of storage. 
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Figure  5.11: Net intensity variations for amide I (a), CH2 

bending (b), amide III (c) bands of the Raman spectra of fresh 

(red) and frozen-thawed (blue) turkey (pectoralis major) for 11 

days of storage 
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Figure 5.12 displays the scored Raman data for the first two principal components 

showing storage-time dependent separations of the samples of fresh and frozen-thawed 

turkey meat for 11 days of storage. 

As we found before for pork, most of the separation between fresh and frozen-thawed 

meat is made by PC 2, whereas PC 1 allows for information according to aging and 

spoilage processes for both fresh and frozen-thawed meat during 11 days of storage. 

Here, four separated groups can be recognized for fresh meat whereas for frozen-thawed 

meat only three separated groups can be found according to PC 1. Furthermore, the 

distinction is more pronounced for the fresh samples that for the frozen-thawed samples. 

 

 

For fresh meat, the first group contains the first 3 days of storage whereas the second 

group includes the 4th day till the 7th day of storage. Furthermore, the third group 

comprises the 9th day till the 10th day whereas the 11th day is secluded as last day of 

Figure  5.12: Scores plot of Raman data for PC 1 and PC 2 for 11 days of storage 

of fresh and frozen-thawed turkey (pectoralis major), dash line indicating 

distinction between fresh and frozen-thawed samples 
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storage. The first two groups of fresh meat are located in the negative part of the PC 1 

whereas the last two groups are located in the positive part.  

For the frozen-thawed meat, the first group contains the first 4 days of storage whereas 

the second group includes the 5th day till the 8th days, while the last group contains the 

last 3 days of storage. Only two days of the first group of frozen-thawed meat is located 

in the negative part of PC 1 whereas the last two groups are located in the positive part.   

This time-dependent separations are in keeping with the pH-values determined on the 

meat surface, as well as the results of the smell test which displayed in Figure 5.13 for 

fresh (a) and frozen-thawed (b) samples. The two pH indicators display low values for 

both fresh and frozen-thawed meat for the first 3 days of storage. Then a clear increase 

of these values was found from the 4th day for both fresh and frozen-thawed samples till 

the last day of storage. Furthermore, the pH indicators displayed higher values for 

frozen-thawed meat compared with fresh meat from the 6th day till the 8th day. 

Nevertheless, the last 3 days showed higher values for frozen-thawed samples compared 

with the fresh sample. In addition, only the first 3 days of storage for fresh samples 

indicated normal smell, whereas no normal smell was recognized for the frozen-thawed 

samples. Then, the smell of the meat slices of both fresh and frozen-thawed slices 

displayed similar increase for the sour smell for the rest of storage days.  

On the other hand, according to PC 2 a clear distinction can be realized between fresh 

and frozen-thawed turkey (pectoralis major) for all days of storage. This distinction is 

more evident for the first days compared with the last days of storage. In addition, 

negative signs were plotted for all days of fresh meat, whereas positive signs were 

plotted for most days of frozen-thawed meat according to PC 2. Where only the days 5, 

7, and 10 are plotted in the negative part of PC 2. 
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For a more detailed examination of spectral changes which are responsible for the 

separations in the PCA of fresh and frozen-thawed turkey meat, the corresponding 

loading 1 and 2 are displayed in Figure 5.14.  

Figure 5.13: pH-values of fresh (a) and frozen-thawed (b) turkey 

(pectoralis major) for 11 days of storage 
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Loading 1 revealing the main separation of edible and spoiled meat samples shows 

major peaks of a typical meat protein spectrum in the same way as for pork meat (see 

Figure 5.9 in page 96).   

On the other hand, loading 2 also represents several bands attributed to the polypeptide 

backbone of amide I with strong negative sign, in addition to the amide III and C-C 

stretch with positive signs. Further bands can be observed are attributed to the aromatic 

amino acids of CH2 bending at 1444 cm-1 with negative sign, in addition to the bands of 

Trp, Phe, and Tyr with positive signs. 

5.2.3 Conclusion 
 
Raman spectroscopic investigations were performed to study the effect of freezing and 

thawing on fresh pork and turkey meat during 11 days of storage period. The main 

results can be summarized in some points: 
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Figure  5.14: Loading 1 and 2 from PCA of fresh and frozen turkey (pectoralis major) meat for 11 

days of storage 
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 The fluorescence background in the Raman spectra of frozen-thawed samples 

displayed higher intensities compared with fresh samples for the two examined 

animals pork and turkey, notably at the last days of storage. 

 The net intensity of amide I, CH2 bending, and amide III bands showed stronger 

values for fresh meat compared with frozen-thawed meat for all days of storage. 

In addition, during storage time a clear decrease of these values was observed of 

both fresh and frozen-thawed samples.  

 For both pork and turkey meat significant distinction was observed between 

fresh and frozen-thawed samples along the storage time by means of PC 2. 

Moreover, information according to aging effect was obtained by means of PC 1 

for fresh and frozen-thawed samples of pork and turkey. 
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6 Summary and Outlook 
 
In the present work, by means of a 671 nm microsystem diode laser polarized Raman 

spectroscopy was applied for two orientations of muscle fibers (parallel and 

perpendicular) of untreated and sterilized pork and turkey meat in order to investigate 

the changes of the anisotropy of muscle fibers depending on storage time. Here, the 

Raman spectra allowed for a discrimination of the fibers orientation in addition to a 

distinction according to aging and spoilage effects of meat. This time-dependent 

distinction was obtained by means of PC 1. Furthermore, orientation separations were 

clarified by means of PC 2. For the two investigated meat species of pork and turkey, as 

well as for the exotic species of crocodile, python, and zebra a clear decrease of the 

anisotropy of muscle fibers was observed during storage due to the bacterial 

contamination which caused the increase of fluorescence background can be correlated 

with the microbial spoilage of the meat surface. This decrease of the anisotropy of 

muscle fibers can be a new indicator of meat spoilage, where the bacteria on meat 

surface with their isotropic arrangement obscure the polarization information by 

multiple scattering on meat surface.  

The implementation of SERDS technique for two orientations of muscle fibers of 

polarized Raman data allowed for a complete rejection of the high fluorescence 

background of the spectra. Hence, a clear identification of all Raman bands was 

obtained.  The Raman bands of amide I, amide III, and C-C stretch which are affected 

by orientation were clearly identified. The PCA of the SERDS data of two orientations 

of muscle fibers displayed separations according to storage effect in spite of the 

complete eliminating of the fluorescence background. These separations were attributed 

to the decrease of the net intensities of the Raman bands affected by aging and spoilage 

processes.  

Time-dependent polarized Raman measurements were performed for the exotic meat 

species of crocodile, python, camel, and zebra. For the first time, the Raman spectra for 

each species were identified. Additionally, information according to storage and 

spoilage process and polarization effect using PC 1 and PC 2 of the PCA for each 
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animal were obtained. Due to the high fluorescence background resulted from the 

higher myoglobin content in camel meat compared with the other examined species a 

lack of the anisotropic information was found for all days of storage. On the other hand, 

in this work a distinction between the four investigated species of crocodile, python, 

zebra, and camel was also presented. 

Another approach for the detection of the adulteration of the two closely species of 

horse and beef meat was achieved using Raman spectroscopy. As in this work, by 

means of the PC 1 of the PCA a clear distinction between horse and beef meat was 

revealed. Furthermore, information according to time-dependent effect was obtained for 

each of horse and beef meat by means of PC 2.  

The investigations were extended to the discrimination between fresh and frozen-

thawed pork and turkey meat during the same storage period. An increase in the 

fluorescence background was found for the frozen-thawed meat compared with the 

fresh meat. In addition, monitoring the net intensity values of amide I, III, and CH2 

bending bands showed clear differences between the fresh and the frozen-thawed meat, 

where the fresh meat showed higher net intensities compared with the frozen-thawed 

meat. Moreover, PC 2 in the PCA revealed an obvious separation between the fresh and 

the frozen-thawed meat. In addition, using PC 1 displayed information related to time-

dependent effect for each of fresh and frozen-thawed meat. So separations according to 

storage duration and spoilage, as well as a distinction between fresh and frozen-thawed 

meat was obtained simultaneously. 

As a future work, for the investigation of the anisotropy of muscle fibers, it would be 

valuable to perform more experiments on animals under different conditions of storage 

(e.g. different temperatures). Furthermore, it would be more worthy to do further 

measurements for the identification of false mixed meat, e.g. horse, but with polarized 

Raman spectroscopy is generally applicable. Additionally, our method opens the 

possibility to identify also more exotic animals. Thus, it should be interesting to build 

up data base with those animals which are relevant for the worldwide meat production. 
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Appendix 
 
 

 

       

 
 

 

Figure A.1: Unprocessed Raman spectra in the parallel (a) and the 

perpendicular (b) state of untreated turkey (pectoralis major) muscle fibers 

during 14 days of storage, stored at 5 °C. The data are normalized to 5 s 

integration time 
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Figure A.2: Unprocessed Raman spectra in the parallel (a) and the 

perpendicular (b) state of sterilized turkey (pectoralis major) muscle fibers 

during 14 days of storage, stored at 5 °C. The data are normalized to 5 s 

integration time. Here, much lower intensity compared with untreated meat in 

Figure A.1 
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Figure A.3: Net intensity differences of Raman 

signals of amide I (a), amide III (b), and C-C stretch 

(c) of untreated and sterilized turkey (pectoralis 

major) muscles between two orientations of the 

muscle fibres (parallel and perpendicular) depending 

on storage time 
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Figure A.4: Loading 1 and 2 from PCA of oriented untreated and sterilized turkey (pectoralis 

major) muscle fibers representing protein Raman bands changing during storage and orientation 

effects, respectively 
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