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1 Introduction 

1.1 Proteomics 

Proteins are organic molecules, consisting of amino acids linked to each other by peptide 

bonds [2]. Proteins have a diversity of functions, playing crucial roles in all biological 

processes such as catalysis of chemical reactions in the cell, transportation and storage of 

other molecules, generation of movement, and control of growth and differentiation [2-5]. 

The starting point of the proteomics field was in 1975 by the invention of two-dimensional 

gel electrophoresis and mapping of proteins from the bacterium Escherichia coli [6, 7]. Also, 

Klose et.al in his study on mouse tissue was able to map the proteins based on the 2D PAGE 

technique [8]. 

In 1995 the term „proteomics“ was coined by Marc Wilkins while doing his Ph.D. [9]. This 

term describes the complete set of proteins which is expressed and modified by the entire 

genome in the lifetime of the cell, throughout the lifetime of the organism [9-12]. This means 

that if we want to study the proteome of the particular organ, we have to describe all proteins 

in each cell type with respect to a time frame. 

Since 1995, the field of proteomics started to grow rapidly due to the progress in the area of 

molecular biology. On the other hand, this lead to a large body of sequence data due to the 

development of new techniques in the analysis of proteins, in particular mass spectrometric 

techniques [11, 12]. Also, the scope of what was summarized under the term proteomics 

widened since its invention. According to Fields et.al [13] proteomics includes not only the 

identification and quantification of the proteins, but also the determination of their 

localization, modifications, interactions, activities, and, ultimately, their function. 

The significance of the field of proteomics is a result of the overwhelming importance of 

proteins, which have a leading role in all biological processes in the cell.  

In the past, researchers focused on individual genes to study the function proteins [14]. 

However, the investigation of the gene by which a protein is coded is not sufficient to 

understand the actual function of a protein [15]. By looking only at the gene, lots of 

information about the protein for which that particular gene is coding remains missing. In 

order to obtain information like the cellular distribution and concentration of proteins, in 

which organ and part of the organism and compartment of the cell they are present and which 

functions they may have, we have to look at the proteome, which provides directly 

information on the structure and usually hints at the function of the proteins [7]. 
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Contrary to the genome, which is static, the proteome is highly dynamic. The protein 

expression pattern in the cells of an organism varies depending on the intra- and extracellular 

environmental events. For instance, heat stress on certain strains of bacteria leads to the 

synthesize of proteins, which let these types of bacteria survive under the heat stress [16]. In 

addition, alternative splicing of mRNAs and a broad range of posttranslational modifications 

(e.g., phosphorylation, glycosylation, and ubiquitination) increase the proteome complexity 

[15, 17]. 

Nowadays, its obvious that proteomics techniques are the methods of choice in various 

applications such as in the analysis of post-translational modifications (PTM), 

identifications[18-20], protein-protein interactions [21, 22], analysis of protein expression 

[23, 24] and in the search for new biomarkers [25, 26]. 

1.1.1 Mass spectrometry in proteomics 

One of the most popular, powerful and comprehensive tools in large-scale proteomics is mass 

spectrometry (MS) [27, 28]. 

Basically, as shown in figure 1, this analytical instrument is made up of an ion source, which 

is responsible for ionizing the molecules, a mass analyzer to separate ions in the gas phase 

according to their mass-to-charge ratio, a detector and finally a data entry to process the data. 

At the end, the results are visualized by an m/z vs intensity plot in a mass spectrum. This 

experimental mass spectrum can be compared to theoretical spectra from a database of known 

sequences to find the sequence that matches best, using a variety of popular database search 

tools [29]. 

 

Figure 1: Basic scheme of a mass spectrometer 

A revolution in the use of mass spectrometry, which opened the door for starting proteomics 

research, occurred by the invention a soft ionization techniques, which enabled the transfer of 

proteins and peptides into gas phase without fragmentations of ions. Thereby these 

biomolecules can be analyzed by mass spectrometry [30, 31]. 
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By coupling two mass analyzers (called tandem mass spectrometer) it became possible to 

isolate ions with a particular m/z ratio out of a mixture, fragment it by various techniques and 

acquire the fragment spectrum. This so called MS/MS spectrum provides information on the 

mass of the intact molecule and its fragments [32]. This information can be used to identify 

the molecule with high accuracy, either by comparison with a database or by manual 

inspection. 

Nowadays mass spectrometry has become the dominant and indispensable tool used in 

virtually all proteomics applications such as protein identification, detection of post-

translational modifications, and in the assessment of the quality of recombinant proteins [33]. 

1.1.2 Proteomics approaches 

In proteomics, we have two classical approaches; bottom-up and top-down proteomics. 

Even though the full information of a protein is not obtained in the bottom-up proteomic 

approach, it is still widely used in proteomics because of its practical advantages [34, 35]. 

The workflow of a bottom-up experiment starts with the extraction of the proteins from the 

biological source and proteolytic (typically tryptic) digestion of the proteins. The resulting 

peptide mixture is separated, typically via reverse phase chromatography and the separated 

peptides are injected into the mass spectrometry for analysis. Finally, the data obtained from 

mass spectrometry are searched by database search algorithms for protein identification 

(Figure 2) [36]. 

 

 

Figure 2: Bottom-up proteomics approach workflow 
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In top-down proteomics approach on the other hand, intact proteins are analyzed by mass 

spectrometry. Again starting with the extraction of the proteins from the source, the protein 

mixture is separated to reduce their complexity without enzymatic digestion. As in the case of 

the bottom-up proteomics approach, the intact proteins are introduced into the mass 

spectrometer. The mass data of the intact and, if available, the fragment data are searched 

against the database to identify the proteins (Figure 3) [35, 37]. 

 

 

Figure 3: Top-down proteomics approach workflow 

1.1.3 Sample preparation in proteomics 

Sample preparation constitutes one of the most important steps in a proteomics workflow, 

because at this stage artifacts can be introduced and often affect the quality of the results [38]. 

This correlation between sample preparation steps and the quality of results shows why the 

proper handling of the sample is of utmost importance [39]. 

The complex nature of proteomes represents one of the most demanding challenges in 

proteomics in general and especially in sample preparation. Due to this complexity and 

variability of proteomes, it is at present not possible to name a single method as the „gold 

standard“ for proteomics sample preparation. 

Proteins can be extracted from various biological sources such as cells, body fluids, tissue, 

etc. The extracted proteins have variations in their properties depending on the composition of 
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their amino acids, thereby making it more complicated to study the proteome than the 

genome. The chemical structures of all genes are polyanionic polymers with the negative 

charge because of a phosphate group; this means that DNA and RNA behave very similar, 

unlike the proteins. 

We can’t deal with all properties of proteins at the same time: some proteins are hydrophilic 

and highly soluble in water, others are hydrophobic like membrane proteins anchored in the 

lipid bilayer and may be lost during preparation, and some may precipitate because they stick 

together and can be kept in solution only in the presence of detergents. 

Another challenge in proteomics is the huge dynamic ranges of proteins [40, 41].The 

abundance of proteins can differ widely, for example, dynamic ranges vary from less than 50 

to more than 10
6
 molecules per cell in yeast [42] or in the case of plasma proteins by more 

than 10
10 

[42]. 

Proper preparation of samples in proteomics is necessary to reduce the complexity of the 

sample and the dynamic range of proteins to facilitate the access to less abundant proteins 

[43]. 

The improvement in detection of low abundance proteins is essential for the design of new 

therapeutic biomarkers [44]. 

Various techniques in pre-fractionation are used to reduce sample complexity before injected 

to mass spectrometry like chromatography, centrifugation, and electrophoresis [45]. 

In general, sample preparation includes many procedures and workflows starting from 

obtaining the samples from their sources, homogenization, extraction, digestion, and various 

chromatographical techniques for fractionation and enrichment. 

Basically, it is essential to keep the sample as clean as possible by avoiding contaminations 

like keratin as they may result in the suppression of peptides of interest during mass 

spectrometry measurement. In any case, unwanted contaminations will increase the 

complexity of the mass spectrum [46]. 

In addition, it's highly recommendable to avoid using detergents if you plan to measure your 

samples by mass spectrometry. The use of detergents may interfere with the HPLC separation 

and the peptide ionization and also add to the chemical noise or background in the mass 

spectra [39]. 
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 1.1.4 Protein species 

The term protein species was proposed in 1996 by Jungblut et al. to describe different forms 

of proteins in connection with their exact chemical composition [47-49]. To better and 

comprehensively understand how cellular processes function in health and disease states, we 

should analyze the proteome at the level of protein species. Contradictory to the old central 

dogma of molecular biology, it is now known that one gene encodes many protein species that 

differ in their function. These protein species result from protein post-translational 

modifications, alternative mRNA splicing, and proteolytic processing due to a disease 

condition or drug treatment [50, 51].  

A nice example how different protein species with different functions can be derived from a 

single gene product is given in the review of Schlüter et.al [49], which highlights the 

importance of knowing the exact chemical compositions of protein species. The protein 

angiotensin-converting enzyme (ACE) is present in two different species in the cell and 

fulfills different functions. Germinal ACE (gACE) has a role in in the regulation of blood 

pressure, and somatic ACE (sACE) is involved in male fertility. 

We are able by a high-resolution method known as two-dimensional electrophoresis (2DE ) to 

resolve more than 10,000 spots per gel and to separate one protein into its different protein 

species [52]. Due to the different chemical composition of these protein species, a change in 

molecular mass and charge leads to the appearance of different spots in 2DE [51]. However, 

2DE is unable to resolve all proteins in a sample such as hydrophobic membrane proteins [53-

55] and proteins with a very high or low molecular weight [56].  

By using 2DE Jungblut et al. [57] were able to detect about 1,800 protein species of 

Helicobacter pylori cellular proteins. Rosal-Vela et al. [58] were able to identify six 

serotransferrin protein species using 2DE-MS. However, the study of protein species in 

consideration to their exact chemical composition still a challenge. 

The analysis of protein species using a bottom-up proteomics approach is problematic, since 

the tryptic peptides released from proteins species, which are all coded for by one gene are 

mixed together and we cannot assign the peptide to a particular protein species. Thus the 

information, which post-translation modification occurred in a particular protein species, is 

lost [34, 59, 60]. 

Alternatively, in the top-down proteomics approach, intact proteins are subjected to mass 

spectrometry, which retains their individual post-translation modification status [35, 60, 61]. 
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However, the limitations of this approach are on the one hand the technical difficulties in the 

handling of complex protein samples, and on the other hand the elaborate analysis of the 

fragment patterns of whole protein species. The ability of the bioinformatics tools to interpret 

these data is still limited [62].  

In general, with all limitations and challenges, a complete analysis of protein species is still 

not reachable. Further improvement and new development of protocols and methods in 

proteomics, starting from the first step of sample preparation to the bioinformatics analysis 

tools is in high demand. 

1.2 Homogenization of biological samples 

The first step in proteomics experiments is the homogenization of the biological samples. 

Because proteins are contained by the cytoplasmic membrane and many are further packed in 

various intracellular compartments, the extraction and solubilization of these safely packed 

proteins inside the cell requires the disruption of the cells and cellular compartments. 

Homogenization covers several meanings such as mixing, stirring, dispersing, emulsifying, 

but in general, it means transferring a sample into a solution with the same composition and 

structure in the whole volume [63]. 

Homogenization methods used for the proteomics purposes can be divided into five major 

types: 1. pressure; 2. ultrasonic; 3. mechanical; 4. freeze–thaw; 5. osmotic and detergent lysis 

[64]. The homogenization method of choice varies according to the type of samples. This 

variation in choosing the appropriate methods represents one of the limitations of classical 

homogenization methods. In the case of different cell lines, for example, one should optimize 

different homogenization processes according to the variations in the cytoplasmic and 

cytoskeletal organization of different tissue culture cells [65]. Pressure homogenizer, also 

called a French press, is an optimal and efficient system for homogenization of eukaryotic 

cells as well as microorganisms in suspension [63, 64]. 

Freeze–thaw homogenization depends on the effect of ice crystals forming in the tissue during 

the freezing process and is applicable for most of the bacterial, plant and animal cells in water 

solution. It can also be used as a final step after mechanical or ultrasonic homogenization [64, 

66]. 

Osmotic and detergent lysis methods of disruption of cells depend on the action of osmotic 

pressure or detergent interactions to destroy the cell walls and membranes [64, 67]. 
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Ultrasonic homogenization depends on shock waves to disrupt the cell, but is not appropriate 

for solid samples like tissues [68, 69]. 

For most types of tissue such as liver, bone, and muscle, the method of choice is mechanical 

homogenization [70-72]. The most common devices used for mechanical homogenization are 

rotor–stator homogenizers, bead-based disruptors and open blade mills [63, 68]. 

The ideal homogenate is obtained if all proteins are released from the organelles and other 

cellular constituents as a free suspension of intact and individual components [73, 74]. 

Afterwards, clarifying the samples to get rid of cell debris and insoluble components must be 

carried out by centrifugation or precipitation methods [75, 76]. This has limitations due to loss 

of proteins by adsorption to the surface, during homogenization, centrifugation, and 

precipitation [77]. In addition, in the case of incomplete homogenization, the sample usually 

needs to be processed by another method, which increases the risk of sample loss and may 

affect the integrity of proteins [78]. 

1.2.1 Protein stability during the homogenization process 

The quality of homogenates is important not only to ensure the absence of organelle particles 

but also to preserve the exact chemical composition of protein and reduce the effect of 

endogenous enzymes on cellular protein during homogenization process. 

Basically, applying a homogenization procedure leads to disruption of the compartment in the 

cell and liberates the endogenous enzymes, which comes in direct contact with cellular 

proteins, potentially susceptible to degradation or modification. If this is the case one can 

assume, that the exact chemical composition of the proteins is changed due to the action of 

these endogenous enzymes. An example of the effect of endogenous enzymes on the integrity 

of proteins during the homogenization process is the degradation which occurred in estrogen 

and progesterone receptors during mechanical homogenization of human breast tumor tissue 

and calf uterus [79]. 

Several endogenous enzymes play a role in changing the chemical composition of proteins in 

vitro such as proteases and phosphatases. 

The proteolytic enzymes such as proteases cleave the proteins by a hydrolysis reaction, 

leading to the addition of a molecule of water to a peptide bond as shown schematically in 

figure 4 [2]. 
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Figure 4: hydrolysis reaction[2] 

The proteases enzymes can be classified into[80]: 

1. Serine proteases - using a serine alcohol 

2. Cysteine proteases - using a cysteine thiol 

3. Threonine proteases - using a threonine secondary alcohol 

4. Aspartic proteases - using an aspartate carboxylic acid 

5. Glutamic proteases - using a glutamate carboxylic acid 

6. Metalloproteases - using a metal, usually zinc 

These enzymes are present in all tissue with variation in their activities and between the tissue 

types. Therefore the susceptibility to degradation by endogenous enzymes depends on the 

type of protein and the type of tissue. For instance contains liver tissue higher protease levels 

than others [81]. 

The other important endogenous enzymes that affect the integrity of proteins are 

phosphatases. Phosphatases catalyze the hydrolytic removal of a phosphate group attached to 

protein [2]. 

Reducing possible protein degradation and changes in the exact chemical structure of the 

proteins are vital if we want to have profound knowledge about protein species. In addition, 

the action of liberated endogenous enzymes after cell disruption may create new artifacts that 

will lead to further complications in the analysis of a proteome [63]. Therefore, many 

protocols and methods have been applied in an attempt to prevent sample degradation 

catalyzed by the endogenous enzymes. 

Protease and phosphatase inhibitors are used to help preventing degradation and 

dephosphorylation of proteins during protein preparation [82]. However, care should be taken 

that by such inhibitors adducts and charge trains are not introduced [24]. 
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Olivieri et.al [82] compared the effect of proteases on red blood cell membranes before and 

after adding protease inhibitor. Significant differences between the 2D patterns of red blood 

cell membranes were shown with reduced recovery of high molecular weight proteins in the 

case of the sample without added protease inhibitor [82]. 

The commercial proteases inhibitor cocktails inhibit a broad range of protease. However, it 

has been recommended to add specific protease inhibitors beside commercial inhibitor 

cocktails, such as Phenylmethylsulfonyl fluoride (PMSF), to enhance the range of the 

inhibition [63]. 

Another example to prevent degradation by endogenous enzymes during the homogenization 

process is using strong acidic or basic conditions [83, 84]. 

Further methods for inhibiting the action of enzymatic degradation are available such as use 

of organic solvents [85], microwave irradiation [86, 87], incorporation of thiourea with urea 

for the inhibition of the proteolysis [88], boiling the sample in SDS buffer with high-pH Tris 

base, or by lowering the pH and performing ice-cold (20% TCA) precipitation [89], and 

boiling in water [90]. However, the diversity of the proteases, which may be present in the 

sample, further complicates the inhibition process [88, 91] and make choosing the proper 

method for the inhibition of degrading enzymes difficult. 

An additional limitation in the choice of buffers and chemicals use to stop the action of 

endogenous enzyme is their compatibility with the intended downstream processing steps. For 

example, SDS denatures and inactivates most proteins and enzymes, including proteases, it is, 

however, not suitable for functional studies because it denatures proteins, nor is it suitable for 

analysis by reverse phase chromatography (RPC) because of its interference with the 

separation [92]. 

The delay in the time required to obtain the samples from their sources, sample preparation, 

homogenization and protein extraction is considered one of biggest challenges and the related 

problems need to be resolved in order to determine the exact structure and chemical 

composition of proteins in vitro. 

For example, obtaining the samples after surgery is associated with loss of vascular supply, 

resulting in a progressive increase of endogenous protease activity, protein degradation, and 

tissue autolysis [93]. 
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The effect of time has been shown in brain tissue where significant changes in the level of 

several PTMs within minutes post mortem have been demonstrated [86]. 

Several protocols and techniques like laser-capture microdissection were proposed to improve 

the quality of sample tissue by a decrease in the time during sample collection in order to 

preserve the molecular integrity of the proteins [94-97]. 

In general, time is critical in the gathering and preparing samples. Therefore the preanalytical 

procedures must be standardized to a maximum with minimizing the time of process to avoid 

degradation or dephosphorylation in protein samples [98]. 

1.3 Picosecond infrared laser (PIRL)-Desorption by impulsive excitation of                

intramolecular Vibrational states (DIVE) 

1.3.1 Laser overview 

The term Laser is the acronym for „light amplification by stimulated emission of radiation.“ 

The first laser sources were built by Maiman in 1960 and almost directly their clinical use was 

demonstrated [99, 100].  

The term amplification in laser physics means a process where the medium transfers part of 

its energy to the emitted electromagnetic radiation, leading to an increase in optical power. 

Based on the gain medium, lasers are categorized into: gas lasers such as nitrogen laser, 

chemical lasers such as deuterium fluoride laser, dye lasers, metal-vapor lasers such as 

helium–selenium, and solid-state lasers such as Nd: YAG (Neodymium-doped Yttrium 

Aluminium Garnet) laser. 

1.3.2 Homogenization tissue via PIRL-DIVE 

The application of lasers in clinical use is still limited due to the side effect of thermal energy 

by damaging the surrounding tissue. 

Recently, Prof. Dwayne Miller and his group have developed a new concept of laser system 

called picosecond infrared laser (PIRL) [101, 102]. 

This laser system is a solid-state laser using medium Neodymium-doped yttrium lithium 

fluoride (Nd: YLF). 

This new laser technology has several advantages in surgical applications compared to 

conventional lasers or cold instruments. PIRL laser enables precise ablation in the cellular 
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dimension, causes less cellular damage of surrounding tissue and therefore nearly avoids the 

formation of scars [103]. 

The ablation process via PIRL is based on a mechanism called Desorption via Impulsive 

Vibrational Excitation (DIVE). 

The principle behind PIRL-DIVE is that the infrared laser beam is directed on tissue which 

has water content of about 70%, for an extremely short pulse duration (300 ps) at the 

wavelength λ =2.96 μm, tuned to excite the OH vibration stretch band in water [103]. In the 

range of Infrared (IR), the hydrogen bonds of the water molecules take up the energy from the 

laser. Because of very fast pulses of the IR laser, the energy absorbed by the hydrogen bonds 

in the water molecules and turned into translational energy causes the water molecules to 

burst out of the tissue, forming an aerosol of droplets and taking along all the contents of the 

cell. Since this process occurs very fast before nucleation growth can take place, the 

translational energy cannot be converted to thermal energy and diffuse to adjacent tissue 

[104]. Water with biomolecules from inside of the tissue are transferred into the gas phase in 

an ablation plume within a picosecond time scale [101]. 

The possibility of ultra-fast tissue ablation by PIRL-DIVE is not only relevant in surgery, 

where it allows a more accurate and gentle removal of tissue, which is less damaging to the 

surrounding tissue, but also provides an opportunity to obtain material for biochemical 

analysis by a gentle procedure. Because the PIRL ablation is ultrafast, no diffused heat energy 

is generated, which otherwise would potentially affect the conformation or even the chemical 

structure of the proteins. Within the PIRL plume the native enzymatic activity and the nature 

of extracted biological are preserved. Therefore, this whole process guarantees a soft 

extraction of biomolecules [105, 106]. 

The homogenization of tissue via PIRL is highly efficient for tissue with a high content of 

water [1, 106, 107]. However, successful attempts have also been made at hard tissue. Jowett 

et.al [108] demonstrated for bone, Franjic et.al in his study on tooth [102], that no significant 

thermal effect by using PIRL were observed. 
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1.4 Hypothesis  

Previous work from Bottcher et al. [109] has shown, that it is possible to cut tissues via 

Picosecond infrared laser (PIRL) for surgery and according to Kwiatkowski et al. [106] PIRL 

can release proteins from tissues in intact form. 

Based on the previous work by Kwiatkowski et al. [106] it can be hypothesized that because 

of the ultrafast homogenization process of the tissues via PIRL; the proteins are exposed to 

the enzymatic action of proteases only for a very short time interval, which would enable a 

soft extraction of proteins from tissues. 

1.5 Aims 

The main aim of our study is to investigate this hypothesis through three main experiments: 

First, to investigate if we have fewer changes of the in-vivo protein composition in PIRL 

homogenates (PH) compared to mechanical homogenates (MH). For this purpose tissue are 

homogenized either with PIRL or mechanically and both protein extracts analyzed via two-

dimensional gel electrophoresis (2DE). 

Secondly, to investigate how PIRL and mechanical homogenates behave in hot Laemmli 

buffer and to study the degree of differences between both homogenates. 

Thirdly, to validate previous results regarding protein degradation, determine a recovery rate 

and to get a first hint concerning the behavior of phosphoproteins in the PIRL process.
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2 Materials and Methods 

2.1 Materials 

2.1.1 Laboratory devices 

 

Instrument Supplier 

Ablation box (dimensions : 9 cm x 7.5 cm 

x 10.5 cm)  

Built by Wesley Robertson  

(Max Planck Institute for Structure and 

Dynamics of Matter, Hamburg, 

Deutschland)  

ACQUITY UPLC PST C18 

nanoACQUITY Column 10K psi, 

130Å, 1.7 μm, 75 μm X 200 mm 

Waters (Manchester, UK) 

ACQUITY UPLC PST C18 

nanoACQUITY Trap 10K psi MV, 

100Å, 5 μm, 180 μm X 20 mm 

Waters (Manchester, UK) 

Analytical balance ALS 120‐4 Kern & Sohn GmbH (Balingen‐ 

Frommern, Germany) 

Bandelin Sonopuls HD 2070 

ultrasonic homogenizer 

Bandelin Electronic(Berlin, Germany) 

Cooling trap RCT90 Thermo Scientific (Waltham, 

USA) 

Gel Doc XR+  Bio-Rad Laboratories (Munchen, 

Germany)  

Lyophilizer (model Christ Alpha 1-4) (B. Braun Biotech International, 

Germany), 

Membrane pump MZ 2C VARIO VACUUBRAND GmbH & CO KG, 

Wertheim, Deutschland 

nanoACQUITY UPLC System Waters (Manchester, UK) 
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Nanodrop® ND-1000  NanoDrop (Wilmington, USA)  

New Objective SilicaTipTM Emitter  New Objective (Woburn, USA) 

Orbitrap fusion mass spectrometer  Thermo Scientific (Waltham, USA)  

pH‐Meter Φ72 Beckmann Coulter (Krefeld, 

Deutschland) 

Pico second-Infrared-Laser  

PIRL-HP2-1064 OPA-3000  

Attodyne, Toronto, Canada  

Q‐TOF Premier Micromass/Waters (Manchester, UK) 

Refrigerated centrifuge 4‐16K Sigma (Osterode, Deutschland) 

Speed Vac concentrator 5301  Eppendorf AG (Hamburg, Deutschland)  

Table Centrifuge  Sigma-Aldrich (Steinheim, Deutschland)  

Table Centrifuge Eppendorf 5415 C Eppendorf 8Hamburg, 

Germany) 

Thermo mixer 5320  Eppendorf AG (Hamburg, Deutschland)  

Vacuum centrifuge Jouan RC1010 Thermo Scientific (Waltham, 

USA) 

Vacuum pump ValuPump VLP120 Thermo Scientific (Waltham, 

USA) 

Vacuum pump CVC 2000  Vacuubrand (Germany)  
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2.1.2 Chemicals, reagents, and kits 

 

Substance Supplier 

10% Criterion™ XT Bis-Tris Gel, 18 

well, 30 μl  

Bio-Rad Laboratories (Germany)  

2-beta mercaptoethanol  Bio-Rad Laboratories (Germany)  

2x Laemmli Buffer  Bio-Rad Laboratories (Germany)  

2D Quant‐Kit  GE Healthcare Life Sciences(Freiburg, 

Germany) 

Acetonitril (LiChrosolv®)  Merck (Darmstadt, Germany)  

Ammonium bicarbonate  Merck (Darmstadt, Deutschland)  

BCA test kit  Thermo Scientific (Germany)  

Complete protease inhibitor cocktail  (Roche Diagnostics Ltd, Mannheim, 

Germany) 

Dithiotrietol  Sigma-Aldrich (Steinheim, Germany)  

Dulbecco phosphate buffered saline  Bio-Rad Laboratories (Germany)  

Ethanol (LiChrosolv®)  Merck (Darmstadt, Germany)  

Formic acid  Merck (Darmstadt, Germany)  

Glycerol  Sigma-Aldrich (Steinheim, Germany)  

Iodoacetamide  Sigma-Aldrich (Taufheim, Germany)  

Methanol (LiChrosolv®)  Merck (Darmstadt, Germany)  

See blue plus 2 prestained standard  Invitrogen (Kahlsruhe, Germany)  

Sodium dodecyl sulfate (SDS)  Fluka  

Sodium hydrogen carbonate  Merck (Darmstadt, Germany)  
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Trifluoroacetic acid  Sigma-Aldrich (Steinheim, Germany  

Trizma base  Sigma-Aldrich (Steinheim, Germany)  

Tris Bio-Rad Laboratories (Munchen, 

Germany) 

Trypsin Resuspension buffer  Promega (Mannheim, Germany)  

Thiourea Sigma-Aldrich (Steinheim, Germany) 

Urea  Amersham (Freiburg, Deutschland) 

Water (LiChrosolv®)  Merck (Darmstadt, Germany)  

XT MES 4x Bio-Rad Laboratories (Munchen, 

Germany) 

XT Reducing agent 20x  Bio-Rad Laboratories (Munchen, 

Germany)  

 

2.1.3 Biological materials 

 

Material Supplier 

Alpha‐S1/S2‐Casein  Sigma‐Aldrich (Steinheim, 

Germany) 

Pancreas tissues Dr. Hannes Petersen (UKE, Klinik 

und Poliklinik für Hals‐, Nasen‐ 

und Ohrenheilkunde) 

Porcine muscle tissue slaughter-house 

Trypsin  Sigma‐Aldrich (Steinheim, 

Germany) 
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2.1.4 Consumables 

 

Material Supplier 

Centrifuge filter(10 kDa cut-off) (Merck Millipore, Darmstadt,Germany) 

Centrifuge tubes 15 mL, 50 mL  Greiner (Melsungen, Germany) 

Eppendorf tube(0.5 ml , 1.5 ml ,2 ml) Eppendorf (Hamburg, Germany) 

Fused‐Silica‐Kapillaren O.D. 360 μm, 

I.D. 75 μm 

Postnova Analytics GmbH (Landsberg 

am Lech, Germany) 

GeLoader pipette tip 10 μL Eppendorf (Hamburg, Germany) 

Pipette tips 10 μL, 200 μL, 1000 μL Eppendorf (Hamburg, Germany) 
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2.1.5 Software 

 

Software Supplier 

Andromeda  Thermo Scientific, Bremen, 

Germany  

 eulerAPE v3 http://www.eulerdiagrams.org/eul

erAPE/ 

Graph Pad Prism 4 Graph Pad Software, Inc. (San 

Diego, USA) 

Image Lab™ 5.0  Bio-Rad Laboratories  

Magellan version 5.0 Tecan(Männedorf, Switzerland) 

MassLynx 4.1 Waters (Manchester, UK) 

MaxQuant (version 1.5.2.8) http://maxquant.org 

Microsoft Excel, word, power point 2010 Microsoft Corporation  

ProteinLynx 2.5.2 Waters (Manchester, UK) 

Wolfram Mathematica 9.0.1.0 Wolfram Research (Oxfordshire, 

UK) 

Xcalibur™ 2.1  Thermo Scientific, Bremen, 

Germany  

 

2.2 Methods 

2.2.1 Sample collection 

2.2.1.1 Porcine muscle tissue 

Porcine (Sus scrofa domestica) muscle tissues used for this experiment were obtained 

commercially from the public slaughterhouse and directly treated after the animal was killed 

to minimize postmortem tissue changes. Fresh pieces of muscle (5 cm x 5cm) were cut and 

transferred directly to liquid nitrogen, then later stored at -80°C for proceeding the 

experiments. 
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2.2.1.2 Rat pancreas 

The pancreas was taken from six different Wistar rats directly after proper euthanasia by 

carbon dioxide inhalation. All animal experiments were supervised by the institutional animal 

welfare officer at the University Hospital Hamburg-Eppendorf (UKE) and approved by the 

local licensing authority (Amt fur Gesundheit und Verbraucherschutz; Billstr. 80, D-20539 

Hamburg, Germany). 

Each pancreas tissue was cut in half, and tiny pieces were again cut from their edges for 

histological examination. 

The pieces were frozen in liquid nitrogen immediately after preparation and stored at -80°C 

for further experiments.  

2.2.2 Histology 

The incised pieces from pancreas tissue samples were fixed in phosphate buffered 3.5% 

formaldehyde. Specimens were then embedded in paraffin, cut into 4-µm thick sections, and 

stained with hematoxylin and eosin (H.E., Merck, Darmstadt, Germany) [110]. Scanning of 

stained samples was performed using the MIRAX SCAN (Carl Zeiss Microimaging GmbH, 

Jena, Germany) [107]. 

2.2.3 PIRL-DIVE homogenization 

The ablation experiments were performed by adapting a laser system (PIRL-HP2-1064 OPA-

3000, Attodyne Inc., Toronto, Canada). The parameters were set up for this laser system 

under supervision of the physical staff from the group of Prof. R.J. Dwayne Miller (Max 

Planck Institute for the structure and dynamics of matter, Hamburg, Germany). 

The generated wavelength was 3 µm with a pulse width of 300 ps and repetition rate of 

1 kHz. 

The samples were placed on a cold copper block inside a home-built chamber box; this cold 

copper block will maintain a low temperature of the sample to minimize the effect of protease 

enzymes. This ablation box was designed to minimize the loss of ablation plume, humidity 

effect and for safety purpose, then the laser beam was guided via a set of mirrors and focused 

on the surface of samples. Approximately 450 mW optical power was reached at the sample 

surface. The optical energy density at the sample surface was 3.4 J/cm
2
 and the average 

optical power density was 3.4x 10
3
 W/cm

2
. 
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The laser started the ablation process over the samples with scanning speed 130 mm/s, square 

scan pattern of a dimension of approximately 5 mm x 5 mm and 2 mm in depth, and a focal 

spot diameter of 190 μm. The PIRL set up parameters are shown in table 1. 

Table 1: PIRL settings and beam characteristics 

Parameter Value 

Wavelength 3 µm 

Pulse width 300 ps 

Repetition rate 1 kHz 

Average power 0.45 W 

Optical energy density 3.4 J/cm
2
 

Average optical power density 3.4x 10
3
 W/cm

2
 

 

The generated plume via laser ablation on the surface of the sample was transferred and 

condensated in a wash bottle immersed in a Dewar flask containing liquid nitrogen to keep 

the ablated material frozen and minimize the effect of proteases enzymes. The process the 

ablation plume was done by a vacuum pump connected to the ablation box via metal tubes 

and PTFE tubes which are also connected to a washing bottle. The frozen condensates were 

kept at -80 °C for further experiments (Figure 5). 
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Figure 5: Schematic structure of PIRL and capturing ablation plume  

2.2.3.1 PIRL-DIVE homogenization of porcine muscle tissue and protein extraction 

Porcine muscle tissues were homogenized with PIRL according to Kwiatkowski et al. [111]. 

The samples were irradiated by picosecond infrared laser (PIRL). The ablation plume was 

collected as described above, mixed with 50 µL 10X phosphate buffer solution (PBS, PH7.4),  

including Roche Complete protease inhibitor cocktail in a wash bottle. The volume was 

adjusted with HPLC-grade water to 500 µL then the sample was ultrasonicated for 1 minute at 

magnitude 25-30%, centrifuged at 4°C for 10 minutes at 14000 rpm, the supernatant was 

collected in 2 ml Eppendorf tube. The sample was transferred to a 10 kDa cut-off centrifuge 

filter, centrifuged at 4°C for 20 minutes at 14000 rpm for removing fragmented DNA and 

then the retentate was collected in a two mL Eppendorf tube for further experiments. 

2.2.3.2 PIRL-DIVE homogenization of rat pancreas sample and protein extraction 

The rat pancreas tissue samples were homogenized via PIRL-DIVE according to 

Kwiatkowski et al. [111] and the ablation plume was captured in a wash-bottle. A volume of 

100 µL of 5X hot Laemmli buffer (0.225 M Tris-HCl, pH 6.8; 50% glycerol; 5% SDS; 0.05% 

bromophenol blue; 0.25 M DTT, T= 95°C) was added to the frozen condensates then directly 

transferred in a boiling water bath [1] . 

HPLC-grade water was added to adjust the final volume to 500 µL, and the PIRL 

homogenates (PH) were incubated in the boiling water bath for 5 minutes. PIRL homogenates 

(PH) were centrifuged at 15000 x g for 3 min. The supernatants were transferred into a 2 mL 

Eppendorf tube for further experiments [1]. 
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2.2.3.3 PIRL-DIVE homogenization of rat pancreas spiked with alpha-casein and    

protein extraction 

The rat pancreas tissue samples for the spiking experiment were ablated via PIRL. The 

ablation plume was captured in a wash-bottle containing a powder of urea (m= 210.21 mg), 

thiourea (m= 76.12 mg), Tris-HCl (m= 1.82 mg) and 180 µg alpha-Casein (c= 1.8 µg/µL, 

dissolved in HPLC-grade water) [1].  

After the ablation had been performed, HPLC-grade water was added to the PIRL 

condensates and adjusted to a total volume of 500 µL resulting in a final concentration of 7 M 

urea, 2 M thiourea, 30 mM Tris-HCl (pH 6.8). PIRL homogenates (PH) of spiked rat pancreas 

with alpha-casein were centrifuged at 15000 x g for 3 min. The supernatants were transferred 

into a two mL Eppendorf tube for further experiments.  

2.2.4 Mechanical homogenization 

2.2.4.1 Mechanical homogenization and protein extraction of porcine muscle tissue  

Porcine muscle tissue was lyophilized in a bench top freeze-dryer (B. Braun Biotech 

International, model Christ Alpha 1-4, Germany), coupled to a 

Savant VLP 200 Vacuum Pump for two days. Lyophilized tissue was grounded to a fine 

powder with a mortar and a pestle, mixed with 1X phosphate buffer saline (PBS) including 

protease inhibitors. The homogenate was sonicated by a Bandelin Sonopuls HD 2070 

ultrasonic homogenizer (Bandelin Electronic, Berlin, Germany) for 1 minute with a 

magnitude of 25-30%. The lysate was centrifuged for 10 minutes at 4°C at 14000rpm and the 

supernatant transferred to a 2 ml Eppendorf tube for further experiments. 

2.2.4.2 Mechanical homogenization and protein extraction of rat pancreas 

The comparable frozen piece of rat pancreas tissue samples was transferred to a 2 ml 

Eppendorf tube containing 500 µL lysis buffer (45mM M Tris-HCl, pH 6.8; 10% glycerol; 

1% SDS; 0.01% bromophenol blue; 0.05 M DTT), then homogenized via a bead mill 

(TissueLyser II) with a 3mm stainless steel bead for 3.5 minutes at a frequency of 25/s[1].  

Mechanical homogenates (MH) of rat pancreas were centrifuged at 15000 x g for three 

minutes; then the supernatants were transferred into a 2 mL Eppendorf tube for further 

experiments.  

2.2.4.3 Mechanical homogenization of rat pancreas spiked with alpha-casein and protein 

extraction 

For the spiking experiment, the comparable frozen piece of rat pancreas tissue samples was 

transferred to a 2 ml Eppendorf tube, which contained 500 µL lysis buffer (7 M urea, 2 M 
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thiourea, 30 mM Tris-HCl, pH 6.8) and 180 µg alpha-casein, then the homogenization was 

performed using a bead mill (TissueLyser II) with a 3mm stainless steel bead for 3.5 minutes 

at a frequency of 25/s [1].  

Mechanical homogenates (MH) were centrifuged at 15000 x g for three minutes, then the 

supernatants were transferred into 2 mL Eppendorf tubes for further experiments. 

2.2.5 Determination of protein concentration 

2.2.5.1 Bicinchoninic acid (BCA) assay 

The BCA assay is a colorimetric detection assay, which depends on the reduction of Cu
2+

 ions 

from the copper (II) sulfate to Cu
+ 

by the peptide bonds of the proteins. The Cu
+ 

ions are 

chelated by two molecules of bicinchoninic acid (BCA) in a temperature dependent reaction, 

forming a purple-colored complex that absorbs light at a wavelength of 562 nm [112].  

Protein concentration from mechanical homogenization (MH) and PIRL homogenization 

(PH) of porcine muscle tissue was determined by a BCA protein assay kit purchased from 

Pierce (Thermo Scientific). 

The working reagent, samples and serial dilutions of bovine serum albumin standards were 

prepared and measured according to kit instructions. 

Figure (42) in the appendix shows the calibration curve of the BCA test constructed by 

different BSA standard concentrations and their corresponding absorbance at 595 nm and in 

addition the calculated protein concentration of PIRL and mechanical homogenate from 

porcine muscle tissue.   

2.2.5.2 UV spectrophotometric protein quantification 

For the UV spectrophotometric determination of the protein concentration and purity the 

Nanodrop® ND-1000 spectrophotometer device developed by Thermo Fischer Scientific was 

used. It is a full spectrum (220 nm – 750 nm) spectrophotometer which enables the 

measurement of highly concentrated samples and volumes as small as 1 µL without dilution 

with high accuracy and reproducibility [113, 114]. 

A 1 µL sample is pipetted onto the end of a fiber optic cable (the receiving fiber). A second 

fiber optic cable (the source fiber) is then brought into contact with the liquid sample causing 

the liquid to bridge the gap between the fiber optic ends. The gap is controlled to both 1mm 

and 0.2 mm paths [115]. The light source was provided by a pulsed xenon flash lamp, the 

light passing through the sample was analyzed by a spectrometer utilizing a linear CCD array. 

https://en.wikipedia.org/wiki/color
https://en.wikipedia.org/wiki/nanometer
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The device is controlled by PC-based software, and the data is logged in an archive file on the 

PC [113, 114].  

The device was cleaned by deionized water and 70% ethanol. The protein absorbance was 

measured at 280 nm (A280), and the concentration calculated after a set of blanks and 

standards were measured. 260/280 values were calculated which represents a ratio of sample 

absorbance at 260 and 280 nm [113, 114]. 

2.2.5.3 2-D Quant Kit 

The 2-D Quant Kit was developed by GE Healthcare for the accurate determination of protein 

concentration. This kit circumvents the limitations in protein determination such as interfering 

or contaminating substances and those which are incompatible with protein assays [116]. 

The principle of this assay is based on the specific binding of copper ions to protein. 

Precipitated proteins are resuspended in a copper-containing solution and unbound copper is 

measured with a colorimetric agent. The color density is inversely related to the protein 

concentration [116].  

In this protocol, a combination of a unique precipitant and co-precipitant is used to precipitate 

sample proteins while leaving interfering contaminants in solution. To each tube of the 

sample and standard 500 µL of a "precipitant" was added and the tubes were briefly vortexed 

and incubated for 2-3 minutes at RT. A "co-precipitant" (500 µL) was then added to each tube 

and vortexed. The protein was pelleted by centrifugation, the supernatant decanted and the 

pellet resuspended in 100 µL alkaline solution of cupric ions and 400 µL of Milli-Q water. 

Next, 1 mL of a color reagent (prepared according to manufacturer’s instructions) was added 

to each tube. The tubes were incubated for 15 to 20 min at room temperature and the 

absorbance was measured at 480 nm. 

This technique was used for protein precipitation and determination from both mechanical 

and PIRL homogenates from rat pancreas and rat pancreas spiked with alpha-casein. All 

reagents, samples, and standards were prepared according to the manufacturer's instruction.  

The spectrophotometric analysis of the BSA standards and the samples from PIRL and 

mechanical homogenate of both rat pancreas and spiked experiment were performed at 480 

nm in polystyrene cuvettes (10 × 10 × 45 mm
3
 purchased from Sarstedt (Numbrecht, Germany) using a 

spectrophotometer model Utrospec 2000 (Pharmacia Biotec, Piscataway, NJ, USA) (Figures 

43-46, appendix).   
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2.2.6 Two-dimensional gel electrophoresis(2DE) 

Two-dimensional electrophoresis (2DE) was performed by Proteome Factory AG (Berlin) 

based on the protocol by Klose and Kobalz [117]. Isoelectric focusing (first dimension) was 

made in vertical rod gels containing 9 M urea, 4% acrylamide, 0.3% piperazine diacrylamide, 

5% glycerine, 2% carrier ampholyte (pH 2-11), 0.06% TEMED, and 0.08% ammonium 

persulfate. For each sample 200 µg of the protein extract was focused at 8820 Vh. SDS–

PAGE (second dimension) was performed in gels (0.1 cm, 20 cm, 30 cm; 15% acrylamide, 

0.2% bisacrylamide, 375 mM Tris-HCl (pH 8.8), 0.1% SDS, 0.03% TEMED, and 0.08% 

ammonium persulfate). 2DE gels were stained with FireSilver (Proteome Factory, Berlin, 

Germany) [117]. 

2.2.6.1 Image analysis of two-dimensional electrophoresis gels 

Images of 2D gels were analyzed using a conventional method which was based on printing 

the gel images on plastic transparency sheets. Images of the 2D gels of the PIRL homogenate 

(PH) and the mechanical homogenate (MH) of every biological sample were warped against 

each other to correct positional spot variations. The comparison was performed based on the 

spot intensities and the position of these spots.  

2.2.7 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)  

The samples were first mixed with 5 µL 4x sample buffer (Bio-Rad, Munich, Germany) 

which contains SDS, 1 µL 20x reducing agent (Bio-Rad, Munich, Germany) and the total 

volume of the mixture adjusted to 20 µL with HPLC-grade water. The mixture was incubated 

for 5 minutes at 95°C and cooled to room temperature and then loaded onto 10% Criterion™ 

XT Bis-Tris precast polyacrylamide gel with a 30-well (Bio-Rad, Munich, Germany) where a 

total of 30 μg of protein was applied to each well. 7.5 µL of Precision Plus Protein ™ Dual 

Color (Bio-Rad, Munich, Germany) was loaded onto the gel as protein marker. 

Electrophoresis was carried out at a constant voltage (120 V) and approximately 30 mA for 

45 minutes until the bromophenol blue front reached the bottom of the gel. The gel was 

stained using a Coomassie solution (40% MeOH, 10% acetic acid, 0.025 % Coomassie blue-

250, dissolved in H2O) for two hours at RT on a shaker and destained with 40% MeOH for 

decolorizing the gels at RT.  
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2.2.8 Tryptic in-gel digestion 

The tryptic digestion was performed according to the method described by Shevchenko et al. 

[118]Briefly, the selected protein bands in SDS-PAGE and protein spots in 2DE were cut out 

of the gel using a razor blade, cut into small pieces approximately 1x1 mm and transferred to 

1.5 ml Eppendorf tubes. Short centrifugation for 1 min was performed to settle down the gel 

pieces. Several steps of shrinking and swelling for gel pieces were performed with 500 μL of 

100% ACN and 500 μL of 100 mM NH4HCO3 (dissolved in HPLC-grade water). The 

reduction was carried out with 10 mM dithiothreitol (dissolved in 100 mM NH4HCO3 in 

HPLC-grade water) and alkylation with 55 mM iodoacetamide (dissolved in 100 mM 

NH4HCO3 in HPLC-grade water). The gel pieces were covered completely with a trypsin 

solution (13 ng/µL sequencing-grade trypsin, dissolved in 10 mM NH4HCO3, 10% ACN in 

HPLC-grade water) and incubated at 37°C overnight for protein digestion. Tryptic peptides 

were extracted with 5% FA, 50% ACN and evaporated to complete dryness by speed vac. The 

samples were dissolved in 20 µL 0.1% FA for further LC-MS/MS analysis. 

2.2.9 LC-MS/MS analysis 

2.2.9.1 LC-MS/MS analysis from mechanical and PIRL homogenates from porcine 

muscle tissue 

For LC-MS analysis,the samples were injected on a nano-ultra pressure liquid 

chromatography system (nano-UPLC; nanoACQUITY, Waters, Manchester, UK) coupled via 

electrospray ionization (ESI) to a quadrupole time-of-flight (QTOF) mass spectrometer 

(QTOF Premier, Micromass/Waters, Manchester, UK). Samples were applied (5 µL/min)  

onto a trapping column (Waters nanoAcquity UPLC PST trap column, C18, 180 μm × 20 

mm, 5 μm, 100 Ǻ, Waters, Manchester, UK; buffer A: 0.1% FA in HPLC-H2O; buffer B: 

0.1% FA in ACN) with 2% buffer B, washed for 10 min with 2% buffer B (5 μL/min) and 

then the peptides were eluted onto the separation column (nanoAcquity UPLC BEH column, 

C18, 75 μm × 150 mm, 100 Ǻ Waters, Manchester, UK; 200 nL/min, gradient: 2−50% B in 

30 min for short gradient ). 

The spray was generated from a fused-silica emitter (I.D. 10 μm, New Objective, Woburn, 

USA) at a capillary voltage of 1.5 kV, a source temperature of 100 °C and a cone voltage of 

45 V in positive ion mode. For MS/MS measurements, data were recorded in the data-

dependent acquisition mode (DDA). MS survey scans were performed over an m/z range 

from 300-1500 with a scan time of 0.6 s and an interscan delay of 0.05 s. The two most 

abundant signals were used for fragmentation. MS/MS spectra were obtained from 100-1800 
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m/z with a scan time of 1.9 sec and a collision ramp from 20-30 eV. An online exclusion was 

used to prevent multiple fragmentation events (exclusion time: 20 sec, exclusion window: +/- 

2 m/z). For calibration, a lockspray spectrum was recorded every 10 seconds (1 pMol/μL 

[Glu1] Fibrinopeptide B (Sigma, Munich, Germany) over an m/z range from 100-1500 using 

a collision energy of 22 eV. 

2.2.9.2 LC-MS/MS analysis from mechanical and PIRL homogenates from rat   

pancreas and spiked rat pancreas with alpha-casein 

LC-MS/MS measurements were performed by injecting the samples on a nano liquid 

chromatography system (nanoACQUITY, Waters, Manchester, UK) coupled via ESI to a 

quadrupole orbitrap mass spectrometer (Orbitrap QExcactive, Thermo Scientific, Bremen, 

Germany). The samples were loaded (5 µL/min) on a trapping column (nanoACQUITY 

UPLC Symmetry C18 trap column, 180 μm × 20 mm, 5 µm, 100 Ǻ; buffer A: 0.1% FA in 

HPLC-H2O; buffer B: 0.1% FA in ACN) with 2% buffer B. After sample loading the trapping 

column was washed for 5 min with 2% buffer B (5 μL/min) and the peptides were eluted (200 

nL/min) onto the separation column (nanoAcquity UPLC column, BEH 130 C18, Waters; 75 

μm × 250 mm, 1.7 µm, 100 Ǻ; 200 nL/min, gradient: 2−30% B in 30 min). The spray was 

generated from a fused-silica emitter (I.D. 10 μm, New Objective, Woburn, USA) at a 

capillary voltage of 1650 V. Mass spectrometric analysis were performed in positive ion 

mode. LC-MS/MS analysis with the Orbitrap QExcactive was performed on MS level over an 

m/z range from 400-1500, with a resolution of 70000 FWHM at m/z 200 (transient length= 

256 ms, injection time= 100 ms, AGC target= 3e6). MS/MS measurements were carried out 

in DDA mode (Top5), with a HCD collision energy of 30%, a resolution of 17000 FWHM at 

m/z 200 (transient length= 64 ms, injection time= 100 ms, AGC target= 3e6), an underfill 

ratio of 10% and an isolation width of 2 m/z [1]. 
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2.2.10 Bioinformatic data analysis  

2.2.10.1 LC-MS/MS raw data from 2DE of PIRL and mechanical homogenates from 

porcine muscle tissue 

The LC-MS/MS raw data from the 2DE spots were processed using Protein Lynx Global 

Server version 2.5.2 (Waters, Manchester, UK) for searching in Mascot. The resulting peak 

lists were exported as a mzML file and searched against a mammalian decoy database using 

Mascot (Matrix Sciences, London, UK, www.matrixscience.com). The following parameters 

were set up in the searching process: precursor mass tolerance: 1.4 Da, fragment mass 

tolerance: 0.2 Da, one missed tryptic cleavage allowed, a carbamidomethylation on cysteine 

residues as a fixed modification and an oxidation of methionine residues as a variable 

modification. 

2.2.10.2 LC-MS/MS raw data from SDS-PAGE of PIRL and mechanical homogenates 

from rat pancreas and spiked experiment with alpha-casein 

LC-MS/MS raw data from the SDS-PAGE bands were processed using MaxQuant (version 

1.5.2.8) [119]. Andromeda as a search engine was used against a SwissProt database of Rattus 

norvegicus (www.uniprot.org, downloaded November 10, 2015, 7,940 entries; spiked with 

protein sequences of bovine alpha-S1/S2-casein in the case of spiking experiments) for 

peptide and protein identification. The following parameters were set up during the searching 

process: precursor mass tolerance was 20 ppm for Orbitrap QExcactive measurements, two 

miss cleavages were allowed for peptide identification, a carbamidomethylation on cysteine 

residues as a fixed modification and an oxidation of methionine residues as a variable 

modification. For spiking experiments, phosphorylation on serine residues was also 

considered. 

In addition, relative quantification of protein was performed using MaxLFQ algorithm [120] 

with at least 3 ratio count of unique peptides. 
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3 Results 

3.1 Comparison of the protein composition in picosecond infrared laser (PIRL) 

homogenate (PH) and in mechanical homogenate (MH) 

In order to investigate if we can observe changes in the in-vivo protein species composition 

between tissue homogenized by PIRL-DIVE compared with tissue homogenized by standard 

mechanical homogenization, porcine muscle tissue was chosen as model tissue because it is 

almost homogenous. The workflow proposed and followed is presented in scheme 1. 

Porcine muscle tissue samples were homogenized by either picosecond infrared laser (PIRL) 

according to Kwiatkowski et al. [111] or by the mechanical homogenization method. From 

PIRL homogenate (PH) and mechanical homogenate (MH), equal amounts of protein 

(m= 90 µg) were applied to high-resolution two-dimensional gel electrophoresis (2DE, Figure 

6, Figure 7, Scheme 1).  

The image of 2DE-protein pattern from both homogenates was analyzed, and the marked 

spots from both gels were identified by liquid chromatography-mass spectrometry/mass 

spectrometry (LC-MS/MS) (Figure 6, Figure 7, Scheme 1). 

                                                             Porcine muscle tissue 

 

                        

 

 

 

 

  

      

 

Scheme 1: Experimental workflow (details in material and methods section). PIRL: Picosecond-infrared laser. 

LC-MS/MS: liquid chromatography- mass spectrometry/mass spectrometry 
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3.1.1 Comparison between two-dimensional gel electrophoresis (2DE) patterns of the 

PIRL homogenate (PH) and mechanical homogenate (MH) of porcine muscle tissue 

Two-dimensional gel electrophoresis (2DE) of porcine muscle tissue homogenized via PIRL-

DIVE (Figure 6), and the mechanical method (Figure 7) showed protein spots separated in gel 

arrays using the apparent standard pH range from 3 to 11 and a standard molecular mass 

range from 10 to 150 kDa. 

By comparing spots patterns of the 2DE gel from PIRL homogenate (PH) gel (Figure 6) and 

mechanical homogenate (MH) gel (Figure 7), more spots were observed in the low molecular 

weight region (less than 29 kDa) in the MH gel than in the PH gel. In the corresponding 

region, four spots were detected (spot on. 9 in PH gel, figure 6) (spots no. 6-8 in MH gel, 

figure 7).  

Also, eight spots from the PIRL homogenate (PH) gel (spot no. 1-8, figure 6) and five spots 

from the mechanical homogenate (MH) gel (spot no. 1-5, figure 7) were identified.   

The selected spots were cut out of the gels and the proteins in the gel were digested with 

trypsin. The resulting peptide mixtures were measured by LC MS-MS. The identified proteins 

are listed in table 2 and 3, together with the theoretical molecular weight of the proteins. 

Adenylate kinase isoenzyme 1 (m=21.6 kDa) was identified in spot no. 9 in PH (Figure 6, 

Table 2). Spots no. 1-4 in PH (Figure 6, Table 2) and spots no. 1-2,7-8 in MH (Figure 7, 

Table 3) were identified as fructose bisphosphate aldolase a (m=39. 4 kDa). Spots spots no. 5-

8 in PH (Figure 6, Table 2) and spots no. 3-6 in MH (Figure 7, Table 3) were identified as 

creatine kinase m-type (m=43 kDa). 
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. 

Figure 6: Two-dimensional gel electrophoresis (2DE) of the PIRL homogenate (PH) of porcine muscle tissue 

(m=90 µg). The spots marked with numbers 1-9 were identified by LC-MS/MS, described in text and table 2. 

PIRL: picosecond infrared laser. 
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Table 2: Proteins identified in marked spots with numbers 1-9 in the two-dimensional gel electrophoresis (2DE) 

in (Figure 1) of the PIRL homogenate (PH) with their corresponding theoretical molecular weight. 

Spot no. Protein name Theoretical Mr (kDa) 

1 Fructose-bisphosphate aldolase A 39.4 

2 Fructose‐bisphosphate aldolase A 39.4 

3 Fructose‐bisphosphate aldolase A 39.4 

4 Fructose‐bisphosphate aldolase A 39.4 

5 Creatine kinase 43.3 

6 Creatine kinase 43.3 

7 Creatine kinase 43.3 

8 Creatine kinase 43.3 

9 Adenylate kinase isoenzyme 1 21.7 
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Figure 7: Two-dimensional gel electrophoresis (2DE) of the mechanical homogenate (MH) of porcine muscle 

tissue (m=90 µg). The spots marked with numbers 1-8 were identified by LC-MS/MS, described in the text and 

table 3.  
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Table 3: Proteins identified in marked spots with numbers 1-8 in the two-dimensional gel electrophoresis (2DE) 

in (Figure 2) of the mechanical homogenate (MH) with their corresponding theoretical molecular weight. 

Spot no. Protein name Theoretical Mr (kDa) 

1 Fructose-bisphosphate aldolase A 39.3 

2 Fructose-bisphosphate aldolase A 39.3 

3 Creatine kinase 43 

4 Creatine kinase 43 

5 Creatine kinase 43 

6 Creatine kinase 43 

7 Fructose-bisphosphate aldolase A 39.3 

8 Fructose-bisphosphate aldolase A 39.3 

 

3.2 Comparison of the protein composition in the picosecond infrared laser (PIRL) 

homogenate (PH) and in the mechanical homogenate (MH) in the presence of Laemmli 

buffer 

As described by Kwiatkowski et al. [1] human tonsil tissues were used in previous 

experiments for the comparison of tissue homogenization by PIRL ablation and by the 

mechanical method. 

According to Kwiatkowski et al. the total number of proteins identified in the three human 

tonsils samples in the PIRL homogenate was 2085 (+ /- 366) and of the mechanical 

homogenate (MH) 1850 (+ /- 667) (Figure 8 A). 1343 proteins were identified in all three 

human tonsil samples in PIRL homogenate whereas in the mechanical homogenate (MH) 974 

proteins were identified (Figure 8 A, B, C). 
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A total of 839 proteins (56.8%) were identified in both homogenates in all three human tonsil 

samples, 504 proteins (34.1%) were identified only in PIRL homogenate and 135 proteins 

(9.1%) only in the mechanical homogenate (Figure 8 A) [1]. 

 A comparison of identified proteins within PIRL homogenate (PH) between three biological 

replicates showed the following results: 1343 proteins identified in all three tonsil samples, 68 

proteins in samples no. 1 and 2, 305 proteins in samples no. 1 and 3 , 296 proteins in samples 

no. 2 and 3, 104 proteins only in sample no. 1 ,225 proteins in sample no. 2 ,559 proteins in 

sample no. 3 (Figure 8 B) [1] . 

Accordingly in the mechanical homogenates of the three human tonsil samples, the following 

results were obtained: 974 proteins identified in all three tonsil samples, 36 proteins only in 

samples no. 1 and 2, 64 proteins in samples no. 1 and 3 , 649 proteins in samples no. 2 and 3, 

39 proteins only in sample no. 1, 363 proteins only in sample no. 2 and 727 proteins only in 

sample no. 3 (Figure 8 C) [1] . 

The degree of proteolysis in the three human tonsil samples was shown in (Figure 8 D), 1.92 

% in PIRL homogenate and 22.41% in mechanical homogenate (MH) [1]. 

In summary, the results of tonsils from Kwiatkowski et.al [1] illustrated higher protein 

identification and lower degree of proteolysis in the case of PIRL homogenate (PH) compared 

to the mechanical homogenate (MH). 
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D) 

 

Figure 8: Statistical analysis of the LC-MS/MS data from the SDS-PAGE of the PIRL homogenates (PH) and 

the mechanical homogenates (MH) from human tonsil samples (n=3). Modified from (Kwiatkowski et al. 2016). 

A: Bar graph (mean with standard deviation) showing the total number of proteins identified in the three 

biological replicates. 

Bar graph of the number of proteins identified in all three biological replicates. 

Bar graph showing the number of proteins identified in all three biological replicates in both PH and MH, only in 

PH and only in MH. 

B: Venn diagram showing the number of proteins identified in PIRL homogenate (PH) in all three biological 

replicates (abc), in biological replicates one and two (ab), in biological replicates one and three (ac), in biological 

replicates two and three, only in biological replicates one (a), only in biological replicates two (b) and only in 

biological replicates three (c). 

C: Venn diagram showing the number of proteins identified in mechanical homogenate (MH) in all three 

biological replicates (abc), in biological replicates one and two (ab), in biological replicates one and three (ac), in 

biological replicates two and three, only in biological replicates one (a), only in biological replicates two (b) and 

only in biological replicates three (c). 

D: Bar graph (mean with SD) showing the global degree of proteolysis in the three biological replicates in PIRL 

homogenates (PH) and mechanical homogenates (MH), *: p= 0.018 (t-test). At least two unique peptides had to 

be identified for a protein to be taken into account. 
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In this work, a new, different setup of the experiment was performed: Pancreas rat tissue were 

homogenized via PIRL-DIVE and mechanically. PIRL homogenate (PH) was collected in 

presence of concentrated Laemmli buffer and immediately transferred to boiling water bath 

and adjust the volume was adjusted with water(as described in materials and methods 

section). Mechanical homogenization was performed in presence of hot Laemmli buffer and 

immediately the MH transferred to boiling water bath (see materials and methods section). 

In all other respects the samples were treated as described: the pancreas tissues were 

homogenized via PIRL-DIVE or the mechanical method, extraction was the same, and the 

same protein amount was loaded onto the SDS-PAGE (Scheme 2). 

Rat pancreas tissue was chosen because it contains huge amounts of enzymes, especially 

proteases, which directly start to degrade proteins after the animal is killed. 

The hot Laemmli buffer was used in this experiment to minimize the degree of proteolytic 

degradation, in order to make sure that enzymatic degradation was stopped at the earliest time 

point possible and to analyze if we still see differences regarding proteolytic degradation 

between both homogenization methods. 
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                                                                   Rat pancreas 

 

                        

 

                                                                                                           

 

 

  

                    

Scheme 2: Experimental workflow (details in materials and methods section). 

SDS-PAGE: Sodium dodecyl sulfate- polyacrylamide gel electrophoresis 

3.2.1 Histological examination, comparison between tissue samples used for PIRL tissue 

homogenization (PTH) and mechanical tissue homogenization (MTH) 

To investigate whether the rat pancreas tissue used for PIRL and mechanical homogenization 

were comparable, rat pancreas samples were obtained from three different rats. Two equal 

pieces of tissue were cut for PIRL and mechanical homogenization. Also, from each of the 

two pieces, a small section was used for histological staining.  

For histological examination (Figure 9) the pancreatic tissue which was used for 

homogenization via PIRL-DIVE or mechanical homogenization was stained with 

hematoxylin and eosin. 

The histological staining pictures of the tissue samples used for mechanical and PIRL 

homogenization showed all the pancreas components which involved exocrine and endocrine 

glandular tissue, lymph and blood vessels, nerves and excretory ducts. The histological 

examination showed comparable tissue with no hint of the presence of different components. 
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A) 

     

B) 

    

C) 

    

Figure 9: Hematoxylin and Eosin staining (10 x magnification) of pancreas tissue from three rats (A-C), which 

were homogenized by picosecond-infrared laser (PIRL)-DIVE or mechanically (MH). 
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3.2.2 Comparison of the protein composition in the PIRL homogenate (PH) and in the 

mechanical homogenate (MH) by one-dimensional gel electrophoresis 

Samples from the PIRL homogenate (PH) and the mechanical homogenate (MH) of all three 

biological replicates of rat pancreas were applied on the SDS-PAGE shown in (Figure 10). 

The band patterns of the PIRL (PH) and mechanical homogenate (MH) are rather similar, 

covering the entire molecular weight range from above 200 kDa down to 6 kDa. Also the 

color intensity of the bands from each homogenization method in each biological replicate 

was very similar. 

 

Figure 10: SDS-PAGE of protein homogenates from rat pancreas. M: protein marker. MH: Protein sample of rat 

pancreas yielded by mechanical homogenization (MH, m= 30 μg). PH: Protein sample of rat pancreas yielded by 

PIRL-DIVE homogenization (PH, m= 30 μg). A: SDS-PAGE of rat pancreas no. 1. B: SDS-PAGE of rat 

pancreas no. 2. C: SDS-PAGE of rat pancreas no. 3. 
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For a deeper investigation of the degree of proteolytic degradation, all lanes were divided into 

comparable bands (Figure 11), every band was cut out of the gel from top to bottom 

identically for each biological replicate and the proteins in these bands were digested with 

trypsin (Figure 11). 

 

Figure 11: SDS-PAGE of protein homogenates from rat pancreas No.1. M: protein marker. MH: Protein sample 

of rat pancreas obtained by mechanical homogenization (MH, m= 30 μg). PH: Protein sample of rat pancreas 

obtained by PIRL-DIVE homogenization (PH, m= 30 μg). The drawn lines and numerals mark the bands that 

were excised for the tryptic digestion and LC-MS / MS analysis. The bands of the SDS-PAGE of rat pancreas 

no. 2 and no. 3 were divided for tryptic in-gel digestion and LC-MS / MS analysis is according to the above 

picture.  
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3.2.3 Construction of protein species migration profiles of the SDS-PAGE of the PIRL 

homogenate (PH) and the mechanical homogenate (MH) 

The resulting tryptic peptide mixtures from proteins in SDS-PAGE bands (Figure 10) were 

measured by LC MS-MS, the protein composition in every band was analyzed and yielded a 

huge number of proteomics data. 

First, the base peak chromatogram of the LC-MS/MS analysis of the tryptic peptides was 

obtained, constructed by plotting for each data point of the chromatogram the intensity of the 

the most intense peptide signal against the eluting time at the x-axis (Figure 12 A). 

In figure 12, A the base peak chromatogram of the LC-MS/MS analysis of the tryptic peptides 

in the SDS-PAGE band no.15 (Figure 11) of rat pancreas no. 1 obtained by PIRL-DIVE 

homogenization is shown. Most peptides were eluted at retention time between 25 min to 55 

min. 

Inspection of the MS spectra at the retention time 36.5 min from the LC-MS /MS analysis of 

the SDS-PAGE band no.15 (Figure 12 B) of rat pancreas no. 1 showed that the peak is caused 

by a peptide signal at m/z = 840.05; [M + 3H] 
3+

. Based on the LC MS-MS analysis, the 

peptide was identified through MS/MS fragment spectra as a tryptic peptide from the Chloride 

intracellular channel protein 4 with the sequence DEFTNTCPSDKEVEIAYSDVAK. 

For the signal with m/z = 840.05 [M+3H]
3+

 (DEFTNTCPSDKEVEIAYSDVAK) from 

Chloride intracellular channel protein 4 in LC MS-MS analysis of rat pancreas no. 1 the 

extracted ion chromatogram (EIC) was generated (Figure 12 D).  
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C) 

 

D) 

            

Figure 12: A) Base peak chromatogram (BPC) of the LC-MS/MS analysis of tryptic peptides from SDS-PAGE 

band no.15 (Figure 6) of rat pancreas no. 1 . Ordinate: Intensity [%]. Abscissa: retention time [min]. 

B) Section of MS spectrum of the LC-MS analysis of the tryptic peptides from SDS-PAGE band no.15 (Figure 

6) of rat pancreas no. 1 at time 36.5 min. 

C) MS/MS of fragment spectra from LC MS analysis of the (m / z 840.05; [M + 3H] 
3+

, RT 36.5 min).  

D) Extracted ion chromatogram for the signal with m/z = 840.05 [M+3H]
3+

 (DEFTNTCPSDKEVEIAYSDVAK) 

from the Chloride intracellular channel protein 4 in LC MS-MS analysis of rat pancreas no. 1. 
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Proteins were quantified with the MaxLFQ algorithm [120] taking in account only proteins 

with a minimum count of three unique peptides. Protein species migration profiles of the 

SDS-PAGE of the PIRL homogenate (PH) and the mechanical homogenate (MH) were 

generated by plotting the label-free quantification (LFQ) intensities for specific proteins 

against the corresponding fractions on the SDS-PAGE which represents the molecular weight 

(Figure 13).  

Figure 13 demonstrated the SDS-PAGE migration profile of the Chloride intracellular 

channel protein 4 after mechanical homogenization (MH, blue curve) and PIRL-DIVE 

homogenization (PH, red curve) of rat pancreas no.1. The LFQ intensity is plotted against the 

migration distance on the SDS gel. The most intense signal for chloride intracellular channel 

protein 4 was detected in SDS gel bands 15 (PH) and 20 (MH) (Figure 11). Hence, a shift of 

the relative migration peak of +5 was determined for the Chloride intracellular channel 

protein 4. 

In general, migration profiles show the quantitative distribution of the protein species over the 

whole SDS page and thus provide information concerning the degree of enzymatic 

degradation. 

 

Figure 13: SDS-PAGE-Migration profile of chloride intracellular channel protein 4 after mechanical 

homogenization (MH, blue curve) and PIRL-DIVE homogenization (PH, red curve) of rat pancreas no.1. The 

LFQ intensity is plotted against the migration distance on the SDS gel. The most intense signal for Chloride 

intracellular channel protein 4 was detected in SDS gel bands 15 (PH) and 20 (MH), respectively. Hence, a 

relative migration peak shift of +5 for Chloride intracellular channel protein 4 was determined. 
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3.2.4 Examination of migration profiles of the SDS-PAGE of the PIRL homogenate (PH) 

and the mechanical homogenate (MH) 

In order to compare between the protein composition in the PIRL homogenate (PH) and the 

mechanical homogenate regarding the proteolytic degradation of protein species, migration 

profiles of the SDS-PAGE of both PIRL and mechanical homogenates were performed and 

examined. 

EH domain-containing protein 1(Gene: EHD 1, m=60.6 kDa): Migration profiles were 

constructed for all three biological replicates (Figure 14) and the relative protein abundance of 

EH domain-containing protein 1 was plotted against the molecular weight, which corresponds 

to the migration distance of proteins in the SDS gel. This protein was identified at the level of 

the 62 kDa marker band and the band below this marker in both PH and MH (Figure 11, 

bands no.9-10). 
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Figure 14: SDS-PAGE-migration profiles of the EH domain-containing protein 1 constructed from the relative 

quantities of its species, identified by tryptic digestion and following LC-MS/MS analysis in the individual SDS-

PAGE bands of the protein extracts from the rat pancreas sample obtained by mechanical homogenization and 

PIRL-DIVE homogenization. PH1: PIRL homogenate of the first rat pancreas sample, MH1: mechanical 

homogenate of the first rat pancreas sample. PH2: PIRL homogenate of the second rat Pancreas, MH2: 

mechanical homogenate of the second rat pancreas sample.PH3: PIRL homogenate of the third rat pancreas 

sample, MH3: mechanical homogenate of the third rat pancreas sample. 



Results 

 

50 

 

Isocitrate dehydrogenase NAD subunit beta (Gene: IDH3B, m=42.4 kDa): Migration profiles 

were constructed for all three biological replicates (figure 15) showing, how this protein was 

distributed. The relative protein abundance of EH domain-containing protein 1 was plotted 

against the molecular weight, which corresponded to the migration distances of proteins in the 

SDS gel. This protein was distributed in bands 11-13 at the level of the 38-49 kDa marker 

bands in both PH and MH (Figure 11). 
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Figure 15: SDS-PAGE-migration profiles of Isocitrate dehydrogenase NAD subunit beta constructed from the 

relative quantities of its species, identified by tryptic digestion and following LC-MS/MS analysis in the 

individual SDS-PAGE bands of the protein extracts from rat pancreas sample obtained by mechanical 

homogenization and PIRL-DIVE homogenization. PH1: PIRL homogenate of the first rat pancreas sample, 

MH1: mechanical homogenate of the first rat pancreas sample. PH2: PIRL homogenate of the second rat 

pancreas, MH2: mechanical homogenate of the second rat pancreas sample.PH3: PIRL homogenate of the third 

rat pancreas sample, MH3: mechanical homogenate of the third rat pancreas sample. 
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Figure 16 shows the migration profiles of Nucleoside diphosphate kinase A protein (Gene: 

NDKA, m=17.2 kDa). The protein was identified by tryptic digestion and LC-MS/MS 

analysis in the SDS-PAGE (band no.18, figure 11) of the protein extracts from the third rat 

pancreas obtained by PIRL-DIVE homogenization at the intense band slightly above the 14 

Da marker. In MH it was identified by tryptic digestion and LC-MS/MS analysis in the SDS-

PAGE (bands no.18, 22, figure 11) at a molecular weight around 17 kDa and 6 kDa, 

respectively. 

 

 

Figure 16: SDS-PAGE-migration profiles of Nucleoside diphosphate kinase A constructed from the relative 

quantities of its species, identified by tryptic digestion and following LC-MS/MS analysis in the individual SDS-

PAGE bands of the protein extracts from the third rat pancreas sample obtained by mechanical homogenization 

and PIRL-DIVE homogenization. PH3: PIRL homogenate of the first rat pancreas sample, MH3: mechanical 

homogenate of the first rat pancreas sample. 

tRNA-slicing ligase RtcB homolog (Gene: RTCB, m=55.2 kDa): SDS-PAGE migration 

profiles of protein species of this protein was constructed for PH and MH from the third rat 

pancreas (Figure 17). The protein was identified by tryptic digestion and LC-MS/MS analysis 

in the SDS-PAGE (band no.11, figure 11) at a molecular weight above the 49 kDa marker in 

the protein extracts obtained by PIRL-DIVE homogenization. In the MH the protein was 

identified between molecular weight 55 kDa down to less than 14 kDa (bands no.10-11, 13, 

20, figure 11).   
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Figure 17: SDS-PAGE-migration profiles of tRNA-slicing ligase RtcB homolog constructed from the relative 

quantities of its species, identified by tryptic digestion and following LC-MS/MS analysis in the individual SDS-

PAGE bands of the protein extracts from rat pancreas sample obtained by mechanical homogenization and 

PIRL-DIVE homogenization. PH3: PIRL homogenate of the first rat pancreas sample, MH3: mechanical 

homogenate of the first rat pancreas sample. 

Figure 18 illustrates the migration profiles of Septin-2 (Gene: SEPT2, m=41.6 kDa). The 

protein was identified by tryptic digestion and LC-MS/MS analysis in the SDS-PAGE (band 

no.12, figure 11) at the level below the 49 kDa marker in the protein extracts obtained from 

the first rat pancreas by PIRL-DIVE homogenization. In the MH extract it was identified by 

tryptic digestion and LC-MS/MS analysis in the SDS-PAGE (bands no.12, 17, figure 11) at 

the level below the 49 kDa marker and below the 28 kDa marker, respectively. 

 

Figure 18: SDS-PAGE-migration profiles of septin-2 constructed from the relative quantities of its species, 

identified by tryptic digestion and following LC-MS/MS analysis in the individual SDS-PAGE bands of the 

protein extracts obtained from rat pancreas sample by mechanical homogenization and PIRL-DIVE 

homogenization. PH1: PIRL homogenate of the first rat pancreas sample, MH1: mechanical homogenate of the 

first rat pancreas sample. 
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SDS-PAGE-migration profiles of Alpha-aminoadipic semialdehyde synthase (Figure 19) 

illustrated that this protein was the identified in the PH at band no.7 (figure 11) around the 98 

kDa marker, whereas in the MH the protein was distributed over a molecular weight range 

from 200 kDa down to 6 kDa (bands no.1,7,13,20, figure 11). 

 

 

Figure 19: SDS-PAGE-migration profiles of Alpha-aminoadipic semialdehyde synthase constructed from the 

relative quantities of its species, identified by tryptic digestion and following LC-MS/MS analysis in the 

individual SDS-PAGE bands of the lanes of the protein extracts from the third rat pancreas sample obtained by 

mechanical homogenization and PIRL-DIVE homogenization. PH3: PIRL homogenate of the third rat pancreas 

sample, MH3: mechanical homogenate of the third rat pancreas sample. 

For protein Biliverdin reductase A (Gene: BIEA, m=33.6 kDa) SDS-PAGE-migration profiles 

were generated from the third rat pancreas (Figure 20). The Biliverdin reductase A protein 

was identified in the PH of rat pancreas no. 3 at band no.14 at a molecular weight around the 

38 kDa marker, whereas in the MH of rat pancreas no.3 it was identified at band no. 21 at a 

molecular weight around 6 kDa (Figure 11). 
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Figure 20: SDS-PAGE-migration profiles of Biliverdin reductase A constructed from the relative quantities of 

its species, identified by tryptic digestion and following LC-MS/MS analysis in the individual SDS-PAGE bands 

of the protein extracts from rat pancreas sample obtained by mechanical homogenization and PIRL-DIVE 

homogenization (PH). PH3: PIRL homogenate of the third rat pancreas sample, MH3: mechanical homogenate 

of the third rat pancreas sample. 

SDS-PAGE-migration profiles of the 28S ribosomal protein S7 (Gene: RTO7, m=28.2 kDa) 

(Figure 21) showed that this protein was identified in the PH of rat pancreas no. 3 at 

molecular weight of 28 kDa at band no. 16 (Figure 11), whereas this protein was identified at 

molecular weight around 14 at band no.19 in MH of rat pancreas no. 3 (Figure 16). 

 

 

Figure 21: SDS-PAGE-migration profiles of 28S ribosomal protein S7 constructed from the relative quantities 

of its species, identified by tryptic digestion and following LC-MS/MS analysis in the individual SDS-PAGE 

bands of the protein extracts from rat pancreas sample obtained by mechanical homogenization and PIRL-DIVE 

homogenization. PH3: PIRL homogenate of the third rat pancreas sample, MH3: mechanical homogenate of the 

third rat pancreas sample. 
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SDS-PAGE-migration profiles in figure 22 represent the distribution of the protein species of 

Long-chain-fatty-acid-CoA ligase 5 (Gene: ACSL5, m=76.4 kDa) from the first rat pancreas 

after PH, which was identified at the intense band no. 9 slightly above the 62 kDa marker 

(Figure 11). This protein species was not found in the corresponding area in the SDS-PAGE 

of MH from rat pancreas no. 1 nor in any other area in the whole lane (MH1, Figure 10). This 

situation is indicated in SDS-PAGE-migration profiles where the signal of this protein species 

from MH1 is missing (Figure 22). 

 

 

Figure 22: SDS-PAGE-migration profiles of Long-chain-fatty-acid-CoA ligase 5 constructed from the relative 

quantities of its species, identified by tryptic digestion and following LC-MS/MS analysis in the individual SDS-

PAGE bands of the protein extracts from rat pancreas sample obtained by mechanical homogenization and 

PIRL-DIVE homogenization. PH1: PIRL homogenate of the first rat pancreas sample. 
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For the protein species of Amyloid beta A4 (Gene: App, m=86.7 kDa), SDS-PAGE migration 

profiles were built from the three biological replicate samples (Figure 23). The protein species 

were identified in bands no. 6 and no.7 which are located between the molecular weight 

markers at 98 kDa and 62 kDa (Figure 11), whereas this protein species was not identified in 

all SDS-PAGE of the MH samples of the three biological replicates (Figure 10). 
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Figure 23: SDS-PAGE-migration profiles of the Amyloid beta A4 protein constructed from the relative 

quantities of their species, identified by tryptic digestion and following LC-MS/MS analysis in the individual 

SDS-PAGE bands of the protein extracts from rat pancreas yielded by PIRL-DIVE homogenization. PH1: PIRL 

homogenate of the first rat pancreas sample, PH2: PIRL homogenate of the second rat pancreas sample, PH3: 

PIRL homogenate of the third rat pancreas sample. 
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The same results as for the Amyloid beta A4 (Figure 23) were obtained for the protein species 

of the Pyruvate dehydrogenase (acetyl-transferring) kinase isozyme 2 (Gene: PDK2, m=46.1 

kDa) (Figure 24). As shown in the SDS-PAGE migration profiles of the Pyruvate 

dehydrogenase (acetyl-transferring) kinase isozyme 2 protein species, the protein species 

were identified at bands no. 11 and 12 which is located approximately at the 49 kDa marker in 

the PH samples of the three biological replicates (Figure 11), whereas this protein was not 

found in all SDS-PAGE of the MH samples in the three biological replicates of MH (Figure 

10). 
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Figure 24: SDS-PAGE-migration profiles of Pyruvate dehydrogenase (acetyl-transferring) kinase isozyme 2 

constructed from the relative quantities of their species, identified by tryptic digestion and following LC-MS/MS 

analysis in the individual SDS-PAGE bands of the protein extracts from rat pancreas obtained by PIRL-DIVE 

homogenization. PH1: PIRL homogenate of the first rat pancreas sample, PH2: PIRL homogenate of the second 

rat pancreas sample, PH3: PIRL homogenate of the third rat pancreas sample. 
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In addition, protein species of Heat shock 70 kDa protein 1 B (HS71B, m=70.2 kDa) were 

missing in all three biological replicates in the mechanical homogenates according to its SDS-

PAGE migration profiles (Figure 25). In PIRL homogenates of all biological replicates, the 

protein species of protein Heat shock 70 kDa protein 1 B were identified at bands no. 8 and 9 

which were slightly above the 62 kDa marker (Figure 11). 
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Figure 25: SDS-PAGE-migration profiles of Heat shock 70 kDa protein 1 B constructed from the relative 

quantities of its species, identified by tryptic digestion and following LC-MS/MS analysis in the individual SDS-

PAGE bands of the protein extracts from rat pancreas obtained by PIRL-DIVE homogenization . PH1: PIRL 

homogenate of the first rat pancreas sample, PH2: PIRL homogenate of the second rat pancreas sample, PH3: 

PIRL homogenate of the third rat pancreas sample. 
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SDS-PAGE-migration profiles of Cyclin-G-associated kinase (Gene: GAK, m=143.7 kDa) 

from the first rat pancreas obtained by PIRL-DIVE and mechanical homogenization (Figure 

26 top) revealed the protein species of this protein at bands no.5 at a molecular weight level 

slightly below 198 kDa in SDS-PAGE of PH of rat pancreas no.1 (Figure 10,11). The protein 

species of this protein was not identified in the SDS-PAGE of protein homogenates obtained 

by mechanical homogenization from rat pancreas no.1 (Figure 10, MH1). 

A similar observation in the distribution of Cyclin-G-associated kinase protein species is 

shown in figure 26 (bottom) for the SDS-PAGE migration profile of the Chromodomain-

helicase-DNA-binding protein 5 (Gene: CHD5, m=222.3) obtained by PIRL-DIVE 

homogenization from the second rat pancreas. In the SDS-PAGE of protein homogenates 

obtained by mechanical homogenization from rat pancreas no.2 this protein could not be 

identified (Figure 5, MH2) (Figure 6). 
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Figure 26:SDS-PAGE-migration profiles of Cyclin-G-associated kinase (top) and Chromodomain-helicase-

DNA-binding protein 5 (bottom) constructed from the relative quantities of their species, identified by tryptic 

digestion and following LC-MS/MS analysis in the individual SDS-PAGE bands of the protein extracts from rat 

pancreas sample obtained by mechanical homogenization (MH) and PIRL-DIVE homogenization . PH2: PIRL 

homogenate of the second rat pancreas sample. PH3: PIRL homogenate of the third rat pancreas sample. 

The proteins Regulator complex protein LAMATOR3 (Gene: LAMTOR3, m=13.6 kDa) and 

Protein preY (Gene: PYURF, m=12.7 kDa) shared similar migration profiles in the SDS-

PAGE analysis (Figure 27). Both proteins were not found in the SDS-PAGE of protein 

homogenates obtained by mechanical homogenization from rat pancreas no.1 (Figure 10, 

MH1). Therefore the signals of these proteins from MH are missing in their SDS-PAGE 

migration profiles (Figure 27). In contrast, the protein species of Regulator complex protein 

LAMATOR3 and preY protein were identified in the PH samples of rat pancreas sample no.1. 

in band no. 19 at a molecular weight slightly below 14 kDa marker (Figure 11). The SDS-

PAGE migration profiles of these proteins in the PH samples are grown in figure 27. 



Results 

 

65 

 

 

 

 

Figure 27: SDS-PAGE-migration profiles of Regulator complex protein LAMATOR3 and Protein preY 

constructed from the relative quantities of their species, identified by tryptic digestion and following LC-MS/MS 

analysis in the individual SDS-PAGE bands of the protein extracts from rat pancreas sample obtained by 

mechanical homogenization and PIRL-DIVE homogenization. PH1: PIRL homogenate of the first rat pancreas 

sample.  

 

 



Results 

 

66 

 

3.2.5 Global statistical analysis of the LC-MS/MS data from the SDS-PAGE of the PIRL 

homogenates (PH) and the mechanical homogenates (MH) from rat pancreas (n=3)  

In order to estimate the global degree of proteolysis between mechanical homogenate (MH) 

and PIRL homogenate (PH), SDS-PAGE-migration shift peak histograms were constructed 

depending on SDS-PAGE migration profiles. These migration profiles (examples shown in 

the previous section) were constructed from the relative quantities of the protein species, 

identified by tryptic digestion and subsequent LC-MS/MS analysis in the SDS-PAGE bands 

of the protein extracts from rat pancreas samples obtained by mechanical homogenization and 

PIRL-DIVE homogenization. 

From the SDS-PAGE migration profiles SDS-PAGE migration peak shift histograms were 

produced for three biological replicates of rat pancreas samples (Figure 28-30) showing the 

relative migration peak shifts of proteins between mechanical and PIRL homogenate. 

For the construction of the migration peak shift histograms only the most abundant signal of a 

protein was taken into account to build this histogram. In the migration peak shift analysis no 

proteolysis was considered if the most abundant signal of a protein was detected in both the 

SDS-PAGE migration profile of MH and PH in the same (migration shift=0) or an adjacent 

band (migration shift +1, -1). If the most abundant signal of protein was shifted towards lower 

molecular weights in the SDS-PAGE-migration profile of PH (negative migration distance) or 

MH (positive migration distance) by at least two bands, the protein was considered as 

proteolytically degraded. 

In the rat pancreas no.1, the SDS-PAGE-migration peak shift histogram (Figure 28, Table 4) 

shows 1177 proteins with a migration shift distance equal 0. Twenty proteins show migration 

shift distances greater than or equal to 2 in PH, whereas in the mechanical homogenate 

sample (MH) 33 proteins were detected with migration shift distances greater than or equal to 

2. The relative degree of proteolysis was in the first rat pancreas for PH 1.63% and for MH 

2.68% (Table 5). 

The SDS-PAGE migration peak shift histogram for rat pancreas no. 2 shows 1144 proteins 

with no migration shift distances. Fourteen proteins with a migration shift distance greater 

than or equal 2 were observed in the PIRL homogenate (PH) sample, whereas 24 proteins in 

the MH sample were observed with differences greater than or equal 2 (Figure 29, Table 4). 

The relative degree of proteolysis was in the second rat pancreas for PH 1.2% and MH 2.03% 

(Table 5). 
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1367 proteins were demonstrated in SDS-PAGE-migration peak shift analysis for rat pancreas 

no. 3 with migration shift distances equal 0. In the case of PIRL homogenate (PH) 15 proteins 

with migration shift distances greater than or equal 2 were observed and in the case of 

mechanical homogenate, 28 proteins with migration distances greater than or equal 2 were 

detected (Figure 30, Table 4). The relative degree of proteolysis in the third rat pancreas was 

for PH 1.1% and MH 2.0% (Table 5). 

 

Figure 28: SDS-PAGE-migration peak shift histogram of proteins of rat pancreas 1. 

The histogram shows the relative migration peak shifts of proteins between mechanical homogenate (MH) and 

PIRL homogenate (PH). If the most intense signal of a protein was detected in both the SDS-PAGE migration 

profile of MH and PH in the same or adjacent band (migration peak shift 0, +1, -1), the migration distance in the 

histogram is 0 indicating no migration shift due to proteolysis. If the most intense signal of protein was shifted 

towards lower molecular weights in the SDS-PAGE-migration profile of PH (negative migration distance) or 

MH (positive migration distance) by at least two bands, they were considered proteolysed. The numbers 

represent the number of proteins in PH and MH with a corresponding migration distance. 
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Figure 29: SDS-PAGE-migration peak shift histogram of proteins of rat pancreas 2. 

The histogram shows the relative migration peak shifts of proteins between mechanical homogenate (MH) and 

PIRL homogenate (PH). If the most intense signal of a protein was detected in both the SDS-PAGE migration 

profile of MH and PH in the same or adjacent band (migration peak shift 0, +1, -1), the migration distance in the 

histogram is 0 indicating no migration shift due to proteolysis. If the most intense signal of protein was shifted 

towards lower molecular weights in the SDS-PAGE-migration profile of PH (negative migration distance) or 

MH (positive migration distance) by at least two bands, they were considered proteolysed. The numbers 

represent the number of proteins in PH and MH with a corresponding migration distance. 
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Figure 30: SDS-PAGE-migration peak shift histogram of proteins of rat pancreas 3. 

The histogram shows the relative migration peak shifts of proteins between mechanical homogenate (MH) and 

PIRL homogenate (PH). If the most intense signal of a protein was detected in both the SDS-PAGE migration 

profile of MH and PH in the same or adjacent band (migration peak shift 0, +1, -1), the migration distance in the 

histogram is 0 indicating no migration shift due to proteolysis. If the most intense signal of protein was shifted 

towards lower molecular weights in the SDS-PAGE-migration profile of PH (negative migration distance) or 

MH (positive migration distance) by at least two bands, they were considered proteolysed. The numbers 

represent the number of proteins in PH and MH with a corresponding migration distance. 
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Table 4: Number of proteins that show relative migration peak shifts or no migration shift between mechanical 

(MH) and PIRL homogenization (PH) in the three rat pancreas samples derived from the SDS-PAGE-migration 

peak shift histograms (Figure 28-30).  

 

No. Of proteins with 

migration shift= 0 

PH: no. Of proteins with   

migration shift ≥ 2 

MH: no. of proteins with 

migration shift ≥2 

Rat pancreas 1 1177 20 33 

Rat pancreas 2 1144 14 24 

Rat pancreas 3 1367 15 28 

 

 

Table 5: Degree of relative proteolysis [%] in PIRL homogenate (PH) and mechanical homogenate (MH) of rat 

pancreas samples: 

 

Degree of relative 

proteolysis in PH [%] 

Degree of relative 

proteolysis in MH [%] 

Rat pancreas 1 1.63 2.68 

Rat pancreas 2 1.20 2.03 

Rat pancreas 3 1.10 2.00 

 

The analysis of the SDS-PAGE-migration peak shift histograms of proteins in the three 

biological replicates (Figure 28-30) gave an average degree of relative proteolysis of 1.31% 

(+/- 0.28%) in the PIRL homogenate (PH) and 2.24% (+/- 0.38%) in the mechanical 

homogenate (MH) (Figure 31, Table 5). According to the calculated p-value from t-test (T-

test: p = 0.028), the results from the average degree of relative proteolysis illustrated a 

significantly higher degree of proteolysis in the case of MH compared to PH. 
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Figure 31: Bar graph (mean with SD) showing the global degree of proteolysis in the three biological replicates 

in PIRL homogenates (PH) and mechanical homogenates(MH), *: p= 0.028 (t-test). At least two unique peptides 

had to be identified for a protein to be taken into account. 

On average 1743 proteins (+ /- 173 proteins, PH) in the PH-SDS-PAGE of the three rat 

pancreas samples were identified and in MH-SDS-PAGE of the three rat pancreas samples 

1467 proteins (+ /- 138 proteins, MH) were identified on average (Figure 32 A, Table 6). 

In all three biological replicates, 1418 proteins were identified in the PIRL homogenate (PH), 

and 1116 proteins were identified in the mechanical homogenate (MH) (Figure 32 A). 

Comparing the number of proteins in all the three biological replicates in MH and in PH 

samples a total of 1092 proteins (75.7 %) were identified in both homogenates. A total of 326 

proteins (22.6%) were exclusively identified in the PIRL homogenates (PH), and 24 proteins 

(1.7%) were identified only in the mechanical homogenates (MH) (Figure 32 A). 

The Venn diagram constructed from the proteins identified in PIRL homogenate (PH) (Figure 

32 B) showed that 1418 proteins were identified in the all three rat pancreas samples,105 

proteins (7.4%) were identified in the first biological replicate, 35 proteins (2.5%) were 

identified in the second biological replicate, and 176 proteins (12.4%) were identified in the 

third biological replicate. In both first and second samples in PH 37 proteins (2.6%) were 

identified, in the first and third sample 232 proteins (16.4%) were found, and in both second 

and third sample 61 proteins (4.3%) were found. 

 In the case of the Venn diagram from the proteins identified in the mechanical homogenates 

(MH) (Figure 32 C) 1116 proteins were identified in all the three, 60 proteins (5.4%) were 

identified in the first biological replicate, 78 proteins (7.0%) were identified in the second 
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biological replicate, and 239 proteins (21.4%) were identified in the third biological replicate. 

68 proteins (6.1%) were found in both the first and second rat pancreas sample in MH, 161 

proteins (14.4%) were found in both the first and third rat pancreas sample, and 109 proteins 

(9.8%) were found in both second and third rat pancreas sample. 

Table 6: Number of proteins identified in each rat pancreas sample obtained by mechanical and by PIRL-DIVE 

homogenization.  

 

No. of identified proteins 

obtained via PIRL-DIVE 

homogenization 

No. of identified proteins 

obtained via mechanical 

homogenization 

Rat pancreas 1 1792 1405 

Rat pancreas 2 1551 1371 

Rat pancreas 3 1887 1625 
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A) 

 

B) 
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C) 

 

Figure 32: Statistical analysis of the LC-MS/MS data from the SDS-PAGE of the PIRL homogenates (PH) and 

the mechanical homogenates (MH) from rat pancreas (n=3). 

A: Bar graph (mean with standard deviation) showing the total number of proteins identified in the three 

biological replicates. 

Bar graph showing the number of proteins identified in all three biological replicates in both PH and MH, only in 

PH and only in MH. 

B: Venn diagram showing the number of proteins identified in the PIRL homogenates (PH) in all three 

biological replicates (abc), in biological replicates one and two (ab), in biological replicates one and three (ac), in 

biological replicates two and three, only in biological replicate one (a), only in biological replicate two (b) and 

only in biological replicate three (c). 

C: Venn diagram showing the number of proteins identified in the mechanical homogenates (MH) in all three 

biological replicates (abc), in biological replicates one and two (ab), in biological replicates one and three (ac), in 

biological replicates two and three, only in biological replicate one (a), only in biological replicate two (b) and 

only in biological replicate three (c). 
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3.3 Comparison of the recovery rate of alpha casein spiked in rat pancreas and 

homogenized via PIRL-DIVE and mechanical in the presence of urea and thiourea as 

lysis buffer 

Rat pancreas samples were spiked with alpha casein and homogenized by either PIRL-DIVE 

according to Kwiatkowski et al. [111] or with the mechanical homogenization method. Both 

homogenates were centrifuged to get rid of particles, equal amounts of protein (m= 30 µg) 

were applied to the SDS-PAGE gel and the bands from the gel analyzed by liquid 

chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) (Scheme 2). 

                                                                  Rat pancreas 

 

                        

 

                                                                                                           

 

 

Scheme 3: Experimental workflow (details in material and methods section). SDS-PAGE: sodium dodecyl 

sulfate- polyacrylamide gel electrophoresis. 

3.3.1 Histological examination, comparison between tissue samples used for PIRL-DIVE 

and mechanical tissue homogenization 

For this part of the experiment, three rat pancreas samples were obtained. From each tissue, 

two equal pieces were cut out for PIRL-DIVE and mechanical homogenization. 

To investigate whether the rat pancreas tissue used for PIRL and mechanical homogenization 

were comparable, a small section was cut from each of the two pieces for PIRL and 

mechanical homogenization and used for histological staining. Histological examination 

(Figure 33) showed all main components of pancreatic tissue, such as endocrine cells 

surrounded by exocrine glandular tissue, the parenchyma, divided into lobes and lobules by 

PIRL-DIVE homogenization Mec    mechanical homogenization 

centrifugation centrifugation 

    protein   

precipitation 

   protein 

precipitation 

SDS-PAGE SDS-PAGE 

LC MS-MS 
LC MS-MS 

   Alpha-casein 

https://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
https://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
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septa of connective tissue, blood vessels, excretory ducts, and lymph. Therefore the 

histological inspection indicated, that the tissue samples used for mechanical and PIRL-DIVE 

homogenization were comparable, with no hint of the presence of different components. 

A) 

   

B) 

  

C) 

   

Figure 33: Hematoxylin and Eosin staining (10 x magnification) of pancreas tissue from three rats (A-C), which 

were used for homogenization by PIRL-DIVE or mechanically.PH: tissue used for PIRL-DIVE 

homogenization.MH: tissue used for mechanical homogenization. 

 

MH PH 

MH PH 

MH PH 
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3.3.2 Separation of proteins in PIRL homogenate (PH) and mechanical homogenate 

(MH) by one-dimensional gel electrophoresis 

The protein alpha casein was spiked in equal amounts in PH and MH and subjected to gel 

electrophoresis (SDS-PAGE). Three biological replicates were used.The PIRL and mechanical 

homogenates were captured in a bottle contains alpha-casein and lysis buffer (see materials 

and methods section for more details) 

The proteins from the three biological replicates of PIRL homogenate (PH) and mechanical 

homogenate (MH) migrated from a molecular weight above 200 kDa down to 6 kDa. 

Also, the bands were comparable in all three biological replicates of MH and PH with the 

same intense color (Figure 34). 

The Lanes were divided into comparable slices; slices were cut out of the gel from about 

24 kDa where the intact alpha casein protein was expected down to the bottom of the gel. For 

each biological replicate, identical slices were cut out and the proteins in these bands were 

digested with trypsin (Figure 35). 

The resulting tryptic peptide mixtures from proteins in the marked SDS-PAGE bands 

(Figure 35) were analyzed by LC MS-MS, the protein composition in every band down to 24 

kDa was determined and the huge number of proteomics data thus obtained was used to 

calculate the number of identified phosphopeptides, the degree of degradation and the 

recovery rate. 
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Figure 34: SDS-PAGE of protein homogenates from rat pancreas spiked with alpha casein. M: protein marker. 

MH: Protein sample of rat pancreas yielded by mechanical homogenization (MH, m= 30 μg). PH: Protein 

sample of rat pancreas obtained by PIRL-DIVE homogenization (PH, m= 30 μg).  
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Figure 35: SDS-PAGE of protein homogenates from rat pancreas no. 1 spiked with alpha casein. M: protein 

marker. MH: Protein sample of rat pancreas no. 1 spiked with alpha casein obtained by mechanical 

homogenization (MH, m= 30 μg). PH: Protein sample of rat pancreas no. 1 spiked with alpha casein obtained by 

PIRL-DIVE homogenization (PH, m= 30 μg). Cut bands for in-gel digestion marked with a line and a number. 

3.3.3 Comparison of the degradation, recovery rate and the number of identified 

phosphopeptides between PIRL homogenates (PH) and in mechanical homogenates 

(MH)  

The LC-MS raw data from SDS-PAGE bands of alpha casein spiked equally in PIRL 

homogenates (PH), and mechanical homogenates (MH) (Figure 34) were processed in 

MaxQuant (version 1.5.2.8) [119]. 

Table 7 shows the sum of label-free quantification (LFQ) intensities determined with 

MaxLFQ [120] of alpha S1-casein protein species detected in the incised bands (1-2) in the 

SDS-PAGE (Figure 35) from PIRL homogenates (PH) and mechanical homogenates (MH) of 

three replicates of rat pancreas samples. 

The average relative protein abundance of intact alpha-S1-casein protein species detected in 

the incised bands (1-2) in the SDS-PAGE of PIRL homogenates (PH) 3.5x10
9
(+/-1.0x10

9
) 
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whereas in mechanical homogenates (MH) 1.0x10
9
 (+/-0.6x10

9
) (numbers are given in 

arbitrary units) (Table 7, Figure 36). The results show that in the homogenates of PIRL (PH) 

compared to the mechanical homogenates (MH) a significantly higher relative protein 

abundance of intact alpha-S1-casein was detected (T-test: p = 0.02) (Figure 36). 

Table 7: Sum of the label-free quantification (LFQ) intensities (arbitrary units) of the intact alpha-S1-casein 

protein species detected in the incised bands (1-2) in SDS-PAGE (Figure 34,35) of protein homogenates from rat 

pancreas spiked with alpha casein obtained by mechanical homogenization and PIRL-DIVE homogenization.  

 
Homogenate type 

 
PH MH 

Rat pancreas 1 4 .2x10
9
 0.3x10

9
 

Rat pancreas 2 2.4x10
9 1.4x10

9 

Rat pancreas 3 4.1x10
9 1.3x10

9 
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Figure 36: Graph bars (mean with standard deviation) showing the average relative protein abundance of intact 

alpha-S1-casein protein species detected in the SDS-PAGE bands 1-2 (Figure 34-35) of PH and MH, *: p= 0.02 

(t-test). 

Table 8 shows the sum of the label-free quantification (LFQ) intensities determined with 

MaxLFQ [120] of alpha S1-casein protein species detected in the whole incised bands 1-6 in 

the SDS-PAGE of PIRL homogenates (PH) and mechanical homogenates (MH) from the 

three biological replicates (figure 35). In the PIRL homogenates (PH) an average intensity of 

3.7x10
9
 (+/-1.1x10

9
) and in the case of the mechanical homogenates (MH) of 1.2x10

9
 (+/-

0.8x10
9
) (a.u.) was detected. 

In addition, for the area at a molecular weight less than 14 kDa (incised bands 3-6 in the SDS-

PAGE) the sum of the intensities for the alpha S1-casein protein species (determined by label-

free quantification (LFQ) with MaxLFQ [120] the following intensities for the three 

biological replicates (Figure 35) of the PIRL homogenates (PH) and mechanical homogenates 

(MH ) were shown in table 9. 

Based on the sum of the label-free quantification (LFQ) intensities of the alpha S1-casein 

protein species, which are shown in table 8 and table 9, the percentage of alpha-S1-casein 

species with molecular weight less than 14 kDa was calculated (Table 10, Figure 37). The 

percentage of alpha-S1-casein species with a molecular weight less than 14 kDa was in the 

PIRL homogenates (PH) 6.2 % (+/- 3.3 %) and in case of the mechanical homogenates (MH) 

17.2 % (+/- 4.9 %) (Table 10, Figure 37). 
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Table 8: Sum of the label-free quantification (LFQ) intensities of the alpha-S1-casein protein species detected in 

the whole incised bands (1-6) in the SDS-PAGE (Figure 34, 35) of protein homogenates from rat pancreas 

spiked with alpha casein obtained by mechanical homogenization and PIRL homogenization.  

 
Homogenate type 

 
PH MH 

Rat pancreas 1 4.5x10
9 0.3x10

9 

Rat pancreas 2 2.5x10
9 1.6x10

9 

Rat pancreas 3 4.1x10
9 1.7x10

9 

 

Table 9: Sum of the label-free quantification (LFQ) intensities of the alpha-S1-casein protein species detected in 

the incised bands (3-6) below 14 kDa in the SDS-PAGE (Figure 34, 35) of protein homogenates from rat 

pancreas spiked with alpha casein obtained by mechanical homogenization and PIRL homogenization.  

 
Homogenate type 

 
PH MH 

Rat pancreas 1 3.7x10
8 0.7x10

8 

Rat pancreas 2 2.1x10
8 1.8x10

8 

Rat pancreas 3 1.0x10
8 3.3x10

8 
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Table 10: The percentage of alpha-S1-casein species with a molecular weight less than 14 kDa detected in the 

appropriate SDS-PAGE bands no.3-6 (Figure 34, 35) of protein homogenates from rat pancreas spiked with 

alpha casein obtained by mechanical homogenization and PIRL homogenization. 

 
Homogenate type 

 
PH MH 

Rat pancreas 1 8.1 % 20.3 % 

Rat pancreas 2 8.0 % 11.6 % 

Rat pancreas 3 2.4 % 19.7 % 

 

 

 

Figure 37: Graph bars (mean with standard deviation) showing the percentage of alpha-S1-casein species with a 

molecular weight less than 14 kDa detected in the belonging SDS-PAGE bands 3-6 (Figure 34,35) of PH and 

MH, *: p= 0.031 (t-test). 
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The number of alpha-S1- casein phosphopeptides detected in the three biological replicates of 

PH and MH is shown in figure 38. The average number of phosphopeptides in PH was 5.67 

(+/- 1.53), which is considerably higher than in MH 3.67 (+/- 1.53).   

 

Figure 38: Graph bars are showing the number of identified alpha-S1-casein phosphopeptides in PIRL 

homogenate (PH) and in mechanical homogenate (MH) 

For the alpha-S2-casein protein species, the sum of label-free quantification (LFQ) intensities 

was determined in the incised bands (1-2) in SDS-PAGE (Figure 35) from the PIRL 

homogenate (PH) and mechanical homogenate (MH) of three biological samples. A 

considerably higher relative protein abundance of intact alpha-S2-casein was detected in 

PIRL homogenates (PH) 16.6x10
8
 (+/-8.1x10

8
) compared to the mechanical homogenates 

(MH) 3.3x10
8
 (+/-1.9x10

8
) (Table 11, Figure 39). 
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Table 11: Sum of the label-free quantification (LFQ) intensities of the intact alpha-S2-casein protein species 

detected in the incised bands (1-2) in SDS-PAGE (Figure 34,35) of protein homogenates from rat pancreas 

spiked with alpha casein obtained by mechanical homogenization and PIRL homogenization  

 
Homogenate type 

 
PH MH 

Rat pancreas 1 7.4x10
8 1.5x10

8 

Rat pancreas 2 22.9x10
8 5.3x10

8 

Rat pancreas 3 19.5x10
8 3.2x10

8 

 

 

 

Figure 39: Graph bars showing the average relative protein abundance of intact alpha-S2-casein protein species 

detected in the appropriate SDS-PAGE bands 1-2 (Figure 34, 35) of PH and MH. 

In addition, the label-free quantification (LFQ) intensities of alpha S2-casein protein species 

detected in the whole incised bands 1-6 in SDS-PAGE (Figure 35) of PIRL homogenates 

(PH) and mechanical homogenates (MH) from the three biological replicates were determined 

(Table 12). The sum of the label-free quantification (LFQ) intensities of whole alpha-S2-
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casein in PIRL homogenates (PH) is 17.9x10
8
 (+/- 8.3x10

8
) and in the mechanical 

homogenates (MH) 4.8x10
8
 (+/-2.7x10

8
). 

The sum of the label-free quantification (LFQ) intensities of alpha-S2-casein from incised 

bands 3-6 in SDS-PAGE (Figure 35) of PIRL homogenates (PH) and mechanical 

homogenates (MH) from the three biological replicates was calculated. In the PIRL 

homogenates (PH) the sum of the label-free quantification intensities is 1.3x10
8
(+/-6.9x10

7
), 

whereas in the mechanical homogenates (MH) it is 1.5x10
8
 (+/-1.3x10

8
) (Table 13). 

Based on the intensity values in table 12 & 13, the percentage of alpha-S2-casein species with 

molecular weight less than 14 kDa was determined. In PIRL homogenates (PH) this 

percentage was 8.6 % (+/- 5.7 %) and in case of mechanical homogenates (MH) 26.3 % (+/- 

18.5 %) (Table 14, Figure 40). 

Table 12: Sum of the label-free quantification (LFQ) intensities of alpha-S2-casein protein species detected in 

the whole incised bands (1-6) in SDS-PAGE (Figure 34, 35) of protein homogenates from rat pancreas spiked 

with alpha casein obtained by mechanical homogenization and PIRL homogenization. 

 
Homogenate type 

 
PH MH 

Rat pancreas 1 8.7x10
8 1.7x10

8 

Rat pancreas 2 24.9x10
8 6.7x10

8 

Rat pancreas 3 20.2x10
8 6.0x10

8 
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Table 13: Sum of the label-free quantification (LFQ) intensities of the alpha-S2-casein protein species detected 

in the incised bands (3-6) below 14 kDa in SDS-PAGE (Figure 34, 35) of protein homogenates from rat pancreas 

spiked with alpha casein obtained by mechanical homogenization and PIRL homogenization. 

 
Homogenate type 

 
PH MH 

Rat pancreas 1 1.3x10
8 0.2x10

8 

Rat pancreas 2 2.0x10
8 1.4x10

8 

Rat pancreas 3 0.7x10
8 2.8x10

8 

 

Table 14: The percentage of alpha-S2-casein species with a molecular weight less than 14 kDa detected in the 

appropriate SDS-PAGE bands no.3-6 (Figure 34, 35) of protein homogenates from rat pancreas spiked with 

alpha casein obtained by mechanical homogenization and PIRL homogenization. 

 
Homogenate type 

 
PH MH 

Rat pancreas 1 14.5 % 10.5 % 

Rat pancreas 2 8.2 % 21.6 % 

Rat pancreas 3 3.2 % 46.7 % 
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Figure 40: Graph bars are showing the percentage of alpha-S2-casein species with a molecular weight less than 

14 kDa detected in the belonging SDS-PAGE bands no.3-6 (Figure 34, 35) of PH and MH.  

The number of identified alpha-S2-casein phosphopeptides in both PH and MH in the three 

biological replicates was calculated as demonstrated in figure 41. In average, the number of 

phosphopeptides in PH was 11.3 (+/- 3.8) and in MH was 3.7 (+/- 2.5). These results 

(Figure 41) revealed that a significantly higher number of phosphopeptides was identified in 

PH compared to MH (T-test: p = 0.04). 

 

Figure 41: Graph bars (mean with standard deviation) showing the number of identified alpha-S2-casein 

phosphopeptides after PIRL homogenization and mechanical homogenization.*: p= 0.04 (t-test). 
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 4 Discussion 

The term “protein species” was introduced in 1996 by Jungblut et al. to describe a protein by 

its chemical structure [47] and was further outlined in 2009 [49]. Protein species is defined by 

the exact chemical structure as a smallest functional unit in a proteome [48, 49]. The ability to 

access the protein species level will open the way for proteomic scientist to understand the 

proteome at a functional level [121]. 

The change in the exact chemical composition of the protein will generate new protein species 

which may occur during sample preparation like in the homogenization of the tissue and 

protein extraction. Therefore, new technologies and protocols for proteomics sample 

preparation are an essential demand in proteomics to preserve the intact protein species. 

 Maintaining protein integrity and minimizing a loss of proteins during sample preparation in 

proteomics remains one of the challenging tasks in a proteomics workflow. 

The aim of this study is to investigate the hypothesis that because of the ultrafast 

homogenization process of the tissues via PIRL, proteins are exposed to enzymatic actions of 

proteases only for a very short time which enables soft distribution of proteins from tissues. 

The integrity of proteins in vivo is conserved due to compartmentalization. In the 

homogenization process, organelles are disrupted, proteases are released from their 

intracellular compartments and they come in contact with cellular proteins. By increasing the 

contact time between endogenous enzymes and cellular proteins, these endogenous enzymes 

are given a chance to degrade and modify cellular proteins. Thereby tissue homogenization 

leads to proteolytic degradation and post-translational modifications of these proteins. As 

products, new protein species will be generated which are different in their chemical 

composition in comparison to the exact in vivo fundamental structure of the proteins. Ahmed 

et.al [122] compared changes in protein profiles in mouse hippocampus and cortex following 

three methods of preparing the tissue: immediate lysate preparation, rapid heating to 95
◦
C and 

standard snap freezing in liquid nitrogen, prior to lysate preparation. They found in this study, 

specific differences in the levels of phosphorylation and proteolytic degradation in a very 

short time. 
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By using a new technology, PIRL for ablation of different types of tissues [1, 111, 123-125] 

and bone [108] as described in the material and methods section, it became possible to reduce 

the time for the homogenization of the tissue and accordingly reduce the time of exposure of 

cellular proteins to the endogenous enzymes. 

In the first block of the experiment, porcine muscle tissue was chosen as model tissue to 

investigate our hypothesis because this tissue is more or less homogenous. The porcine 

muscle tissue samples were homogenized by either PIRL-DIVE or with a mechanical 

procedure. Equal amounts of proteins (m=90 μg) from both PIRL and mechanical 

homogenates were applied to high-resolution two-dimensional gel electrophoresis (2DE, 

Figure 6 and 7) to achieve an optimal comparison between the two homogenates. The 

workflow for preparing both homogenates was identical except for the method of 

homogenization as a variable in the preparation workflow. The 2DE approach was used in this 

experiment in order to separate proteins at high resolution and easily compare different spot 

pattern in the gel with respect to modifications and proteolytic degradation [28, 126, 127]. 

The comparison between the 2DE protein patterns from both PH and MH revealed that more 

spots were detected in the molecular weight region lower than 29 kDa in the MH gel than in 

the PH gel. In the corresponding region, adenylate kinase isoenzyme 1 protein (Gene: AK1) 

which has a theoretical molecular weight of 21.6 kDa, is a protein which catalyses the 

phosphorylation of AMP by using ATP or GTP as phosphate donor, plays a role in cellular 

energy homeostasis and in adenine nucleotide metabolism [128, 129]. It was identified by 

LC-MS/MS in spot no. 9 in PH (Figure 6, Table 2). The theoretical molecular weight of this 

protein matches with the experimental molecular weight, whereas this protein is totally 

missing at the same position in the MH gel. Obviously, degradation has occurred for the 

adenylate kinase isoenzyme 1 protein [130, 131] during the mechanical homogenization 

process, the organelles were opened, and the proteases which were safely packed in the 

organelles, released outside these organelles and then the proteases come into contact with the 

cellular proteins. This contact between proteases and cellular proteins was drastically shorter 

in the case of PH compared to MH. Therefore, this protein was in MH much more susceptible 

to degradation by proteases compared to the PH. 

Creatine kinase (Gene: CKM, m=43.3kDa), an enzyme associated with energy transduction in 

tissues such as skeletal muscle, heart, and brain [132], was identified by LC-MS/MS in spot  
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no. 6 in the MH gel (Figure 7). The experimental molecular weight of this protein according 

to its position in the MH gel was < 29 kDa, which is considerably lower than the correct 

molecular weight. This effect is obviously due to the action of the endogenous enzymes on 

this protein leading to its proteolytic degradation. A similar effect was observed for this 

protein according to a study by Lametsch et.al identifying proteins that change during post-

mortem storage of porcine meat [133]. 

In addition, spots no. 7 and 8 in MH gel (Figure 7) were attributed to the protein Fructose-

bisphosphate aldolase A(m=39. 4 kDa), which plays a critical role in the reversible conversion 

of fructose-1, 6-bisphosphate to glyceraldehydes 3-phosphate and dihydroxyacetone phosphate [134]. 

This protein was detected in the lower molecular weight area <20 kDa by LC-MS/MS (spots 

no. 7-8 in the MH gel, figure 7). This discrepancy between theoretical and experimental 

molecular weight for this protein in MH indicated proteolytic degradation because of the 

action of endogenous enzymes.  

 Four protein species of Fructose-bisphosphate aldolase A(m=39. 4 kDa) were detected in 

spot no.1-4 in the PIRL homogenate (PH) (Figure 6, Table 2) whereas only two protein 

species of Fructose-bisphosphate aldolase A were detected in spot no.1-2 in the mechanical 

homogenate (MH) (Figure 7, Table 3). Furthermore, four protein species of creatine kinase 

were detected in spot no.5-8 in PH (Figure 6, Table 2), and only three protein species from 

this protein were detected in spots no.3-5 in MH (Figure 7, Table 3). 

Several modifications were described in Fructose-bisphosphate aldolase A and creatine kinase 

[135-137]. These protein modifications change the chemical composition of these proteins 

and thereby are responsible for a generation of new protein species. The number of identified 

protein species was higher for both proteins in the case of PH compared to MH. This 

reduction in the number of modified species during the homogenization of the tissue is most 

likely due to the action of endogenous enzymes. 

In general, the results obtained from this experiment demonstrated increased proteolytic 

degradation and decrease of protein species in the mechanical compared to the PIRL 

homogenate by the action of endogenous enzymes. Because of the ultrafast release of proteins 

from tissue via PIRL, these proteins are expected to be exposed to enzymatic degradation 

reactions for shorter time window compared to the mechanical homogenization method and 

because of this, we expected in the 2DE PAGE of PIRL homogenates (PH) less proteolysis 
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and higher identification number of protein species compared to the mechanical homogenates 

(MH). 

These findings in our first experiment validated the results from Kwiatkowski et al.[1] where 

human tonsils were homogenized via PIRL-DIVE and mechanically. The proteins in both 

homogenates were separated by 2DE. By identification of several spots in both gels by LC-

MS/MS it was shown that in summary more protein species were detected in the PH rather 

than in the mechanically homogenized samples. For example, eleven glyceraldehyde-3-

phosphate dehydrogenase species were identified on the 2DE gel of the PH. In contrast, only 

one glyceraldehyde-3-phosphate dehydrogenase was identified in MH. 

There are several reasonable explanations for these results. One possible reason may be that 

during PIRL tissue homogenization (PTH), protein species are exposed to enzymatic reactions 

for a very short time compared to the mechanical tissue homogenization (MTH). This short 

time of exposure of cellular proteins to endogenous enzymes results in less impact of 

proteases and phosphatases to degrade cellular proteins and cleave phosphate from 

phosphoprotein in case of PH compared to MH. This effect is most likely responsible for the 

lower number of protein species detected in MH compared to PH. Another reason is the loss 

of material during tissue homogenization and preparation steps in the case of mechanical 

tissue homogenization prior mass spectrometer measurement which also might result in 

protein species losses [77]. 

A further study was performed to investigate how PIRL and mechanical homogenates behave 

in the hot Laemmli buffer and to determine the degree of differences between both 

homogenates. 

In order to answer these two questions, both PIRL homogenate (PH) and mechanical 

homogenate (MH) from rat pancreas samples were compared after treatment with hot 

Laemmli buffer. 

 The hot Laemmli buffer was used in this experiment to make sure that enzymatic degradation 

was stopped at the earliest time point possible and to analyze if we still see differences 

regarding proteolytic degradation between both homogenization methods.  

Rat pancreas tissue was chosen because it contains a high level of degrading enzymes, 

especially proteases [138, 139] which directly start to degrade proteins after the animal is 

killed. 
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Histological studies from incised rat pancreas were performed in this experimental section 

(Figure 9). This is important to assure that we have used comparable tissue parts for PTH and 

MTH experiments with respect to the type of tissue taken during incision and to exclude 

contamination of the sample with tissue of a different type. The composition of the tissue will 

have an effect on the protein composition and therefore significant variations between various 

types of tissue in the list of identified proteins would have to be expected. 

The hot Laemmli buffer was used to minimize the degree of proteolytic degradation. Using 

Laemmli buffer in combination with heat [140] has been shown to be highly effective in 

stopping enzymatic degradation. The pancreas tissues were homogenized via the PIRL-DIVE 

and the mechanical method, extraction was performed in the same buffer composition, and the 

same protein amount was loaded onto the SDS-PAGE. Subsequently, the bands from both 

homogenates were cut in a comparable fashion (Figure 11). All steps in the workflow were 

comparable except the method of homogenization in order to achieve a reliable comparison 

between two homogenates (Scheme 2).  

As SDS-PAGE is a qualitative approach and gives only a rough overview about the 

composition of the proteins in the cell, in order to more deeply determine the protein 

composition in the bands the samples were further analysed by LC-MS/MS. 

The quantitative and qualitative data obtained from the LC-MS/MS analysis were used to 

generate SDS-PAGE migration profiles (Figure 13), which can easily illustrate the 

distribution of a specific protein all over the gel and determine the proteolytic degradation. 

 The SDS-PAGE migration profiles of the proteins EH domain-containing protein 1(Gene: 

EHD 1, m=60.6 kDa) and Isocitrate dehydrogenase (NAD) subunit beta (Gene: IDH3B, 

m=42.4 kDa) (Figure 14 & 15) represent nice examples for a fit between the theoretical and 

the experimental molecular weight. The distribution of these protein species in all the three 

biological replicates are at the correct molecular weight as shown in their migration profiles. 

EH domain-containing protein 1 was distributed between bands 9-10 (Figure 11), which 

approximately correspond to its theoretical molecular weight of 60.6 kDa. The other protein, 

Isocitrate dehydrogenase (NAD) subunit beta was detected in bands 11-13 at the level of 38-

49 kDa (Figure 11), which almost fits the theoretical molecular weight of this protein. These 

two examples demonstrate clearly and nicely how precise and reproducible these SDS-PAGE 

gels could be cut and how accurate the run distance of the proteins in the SDS-PAGE  
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correlate with their theoretical molecular weight, which is an important aspect in the reliable 

comparison between PH and MH. 

The migration profile of the protein Nucleoside diphosphate kinase A protein (Gene: NDKA, 

m=17.2 kDa) (Figure 16) shows that in the SDS-PAGE band no. 18 of a third rat pancreas 

sample obtained by PIRL-DIVE homogenization only one signal was apparent from the 

identification by LC-MS/MS analysis after tryptic digestion. In contrast, MH from the third 

replicate of the same protein which shows two signals due to the distribution of this protein 

between bands no.18 and 22 (Figure 11). The signal intensity generated from band no.18 at a 

molecular weight of 17 kDa matched with the theoretical molecular weight of this protein 

while the signal from band no.22, at a lower molecular weight region in the SDS-PAGE, 

represents a degradation species of this protein. Thus, in principle, there is a migration shift 

toward lower molecular weight according to SDS-PAGE migration profiles of the protein 

Nucleoside diphosphate kinase A in the MH sample, showing one signal shifted toward the 

lower molecular weight area in migration profile. However, only the most abundant species 

was considered in the calculation of the migration shift profile. In this case, the most abundant 

signal was generated from the protein species in band 18 at a molecular weight around 17 

kDa, and the shifted signal, which represents band no. 22 at a molecular weight of 6 kDa is 

the less abundant signal (Figure 16).  

Similar effects were demonstrated in figure 17 and 18 for the proteins tRNA-slicing ligase 

RtcB homolog (Gene: RTCB, m=55.2 kDa) and Septin-2 (Gene: SEPT2, m=41.6 kDa) 

respectively. The SDS-PAGE migration profiles of the PH from these two proteins showed 

that the most abundant signal is in agreement with the theoretical molecular weight of these 

proteins with no detectable shift toward a lower molecular weight. Even though signals from 

both proteins appeared in their migration profiles toward lower molecular weight, these 

signals had a low intensity and the most abundant species were detected at the correct 

theoretical molecular weight. Thus, these two proteins are nice examples where no migration 

shifts were recorded for the most abundant protein species. 

Figure 19 shows the SDS-PAGE- migration profile of the protein Alpha-aminoadipic 

semialdehyde synthase (Gene: Aass, m=103.1 kDa), which illustrates an example of different 

degrees of enzymatic degradation between PH and MH. Only one signal from one species of 

this protein was apparent in the PH sample, detected in band no.7. On the opposite, several 

protein species were detected all over the entire SDS-PAGE in the MH sample due to 

proteolytic degradation. The most abundant species shown in the SDS-PAGE migration 
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profile of MH belonged to the band no.13 at an approximate molecular weight of 28 kDa. 

Therefore in the migration profile this can be considered as a migration shift toward lower 

molecular weight. The results for Alpha-aminoadipic semialdehyde synthase revealed that the 

intact protein species were partially degraded by proteases in the case of MH after longer time 

exposure to these endogenous enzymes compared to PH. This phenomenon leads to the 

generation of different protein species distributed at lower molecular weight in SDS-PAGE in 

MH. 

The effect of the proteolytic enzymes was shown in the protein Biliverdin reductase A (Gene: 

Blvra, m=33.6 kDa). The SDS-PAGE migration profile of this protein (Figure 20) in PH 

illustrates a signal of this protein that is correlated to its correct molecular weight at band 

no.14 located beneath the 38 kDa marker (Figure 11). One protein species of Biliverdin 

reductase A was identified in the MH gel at band no.21 corresponding to a molecular weight 

around 6 kDa. The ultrafast process of PTH in contrast to MTH might again play a crucial 

role in preserving Biliverdin reductase A in the intact state because of short snapshot time of 

exposure to the endogenous enzymes whereas the longer time of exposure to these enzymes 

can be interpreted as the cause of the proteolytic degradation seen in MH. 

The SDS-PAGE-migration profiles of 28S the ribosomal protein S7 (Gene: RTO7, 

m=28.2 kDa) (Figure 21) showed that this protein was identified in PH at a molecular weight 

of 28 kDa in band no. 16 (Figure 6). In MH this protein was identified at a molecular weight 

around 14 kDa in band no. 19 (Figure 16). Again the action of proteases degraded the intact 

protein species in the MH sample and as result these degradation products shifted to the lower 

molecular weight as displayed in the SDS-PAGE migration profiles for this protein (Figure 

16). 

During the investigation and analysis of the SDS-PAGE migration profiles for the proteins 

identified in PH and MH for the three biological replicates the phenomenon of a total loss of 

protein species in the entire gel was observed mostly in case of the MH samples. Later in this 

discussion chapter, this observation will be discussed based on the statistical numbers we 

obtained. Below a few examples of this observation are given: 

Protein Long-chain-fatty-acid-CoA ligase 5 (Gene: ACSL5, m=76.4 kDa) was identified in 

the PH rat pancreas no. 1 gel in band no. 9 slightly above the 62 kDa marker (Figure 11), 

corresponding to the theoretical molecular weight of this protein. On the contrary, this protein 

was not detected in the entire SDS-PAGE from the MH of rat pancreas no.1. This 
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phenomenon of the total loss of the protein species in all three biological replicates in MH 

compared to PH is shown in figures 23-25, which represent the SDS-PAGE migration profiles 

of the following proteins: Amyloid beta A4 (Gene: App, m=86.7 kDa), Pyruvate 

dehydrogenase (acetyl-transferring) kinase isozyme 2 (Gene: PDK2, m=46.1 kDa), and Heat 

shock 70 kDa protein 1 B (HS71B, m=70.2 kDa), respectively. In PH in all biological 

replicates, these proteins were found as intact species, whereas in MH in all of the biological 

replicates these proteins were totally absent. The results for these proteins shown above 

implied that intact protein species were completely degraded by proteases in the case of MH. 

As a consequence of the ultrafast ablation process in the tissue via PIRL, which lead to fast 

transfer of the intact species from the tissue directly into the trap (a wash bottle immersed in 

liquid nitrogen) the number of identified intact protein species is higher in the case of PH 

compared to MH. this assumption brings to mind a new important aspect concerning tissue 

homogenization methods and protocols in sample preparation, which is “reproducibility”. 

This will be discussed later in this chapter.  

A large cytosolic protein, Cyclin-G-associated kinase (Gene: GAK, m=143.7 kDa), which has 

a role in uncoating clathrin-coated vesicles from non-neuronal cells [141], was detected in 

intact form in bands no.5 at molecular weight level slightly below 198 kDa in SDS-PAGE of 

PH from rat pancreas 1 (Figure 10, 11). This signal was shown in SDS-PAGE migration 

profile for this protein (Figure 26 top). In contrast, this protein was totally missing in MH of 

the same rat pancreas sample. This result implicates that this large protein is exposed in the 

MH process to proteases in a time frame that enables a fully proteolytic degradation. Another 

possible explanation might be, that it is lost during centrifugation of the samples due to the 

presence of particles in MH, which lead to adsorption of some of the proteins and thereby to 

their loss during the centrifugation process. 

Another example demonstrating the effect of proteases on large proteins is illustrated by the 

SDS-PAGE migration profiles from the second rat pancreas sample of the protein 

Chromodomain-helicase-DNA-binding protein 5 (Gene: CHD5, m=222.3) (Figure 26 down). 

This protein is associated with nervous system development [142] and may act as a tumor 

suppressor [143]. The protein was detected intact in PH, whereas it was totally missing in the 

MH. In agreement with these results, the study from Kwiatkowski et al. at mouse muscle 

showed that in the PIRL homogenization from mouse muscle tissue large proteins, myosin-4 

(M=222.7 kDa) and titin (m=3.9 MDa), were desorbed intact in case of PTH [111]. In human 

tonsil tissue a Collagen alpha-3(VI) chain (Mr =343.7 kDa) was identified at molecular 
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weight above 200 kDa, whereas different species were identified at lower molecular weight in 

MH [1]. These two examples in previous studies demonstrated the ability to detect even large 

proteins in intact form in PH samples and can represent one of a great promising advantages 

of using PIRL to ablate and homogenize tissue for the study of large proteins. 

The Regulator complex protein LAMATOR3 (Gene: LAMTOR3, m=13.6 kDa) associated 

with amino acid sensing and activation of mTORC1 [144, 145] and the protein preY (Gene: 

PYURF, m=12.7 kDa), which plays a role in the glycosylphosphatidylinositol (GPI) anchor 

biosynthetic process and is involved in the positive regulation of metabolic processes [145, 

146], were studied as examples of small proteins. Both were identified as intact species in PH 

from rat pancreas no.1 while they were missing in MH (Figure 27). 

According to SDS-PAGE migration profiles, the SDS-PAGE-migration shift peak histograms 

were constructed and then the global degree of proteolysis between MH and PH was 

estimated. The average degree of relative proteolysis was 1.31% (+/- 0.28%) in PIRL 

homogenates (PH) and 2.24% (+/- 0.38%) in mechanical homogenates (MH) (Figure 31, 

Table 5). This result revealed a significantly lower degree of proteolysis (T-test: p = 0.028) in 

PH compared to MH samples. These results are also in a good accordance with previously 

reported results from Kwiatkowski et al. [1], which was showed a higher degree of proteolysis 

in human tonsils samples in MH (22.41%) compared to PH samples (1.92 %). 

No differences regarding proteolytic degradation between PIRL and the mechanical 

homogenization process were expected when hot Laemmli buffer was used in this experiment. 

However, significant differences were still seen even though they were rather low. According 

to a study of Stingl et al. [147] the proteolytic activity was observed regardless of treated 

samples with different conditions such as temperature and different concentration of urea. 

Stingl et al. studied the proteolytic degradation by applying 6 different protocols to stop this 

action on rat brain tissue using oxygen -18 labelling to assess the degree of degradation. The 

authors found that the degradation still occurs even after treating the samples with different 

protocols, with minimal degree of degradation by using heat method. 

The use of Laemmli buffer in combination with heating prevents the application of isoelectric 

focusing or tryptic digestion. For isoelectric focusing the charge of the proteins must be 

conserved and for tryptic digestion SDS denaturation must be avoided. Therefore uncharged 

chemicals for extracting and denaturing the proteins must be used to apply to isoelectric 

focusing or tryptic digestion approaches according to Rabilloud T et.al. [148]. Also reagents 
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incompatible with reversed-phase liquid chromatography and mass spectrometry must be 

avoided [149]. PIRL homogenates (PH), on the other hand, can directly be applied for these 

approaches. Thus one of the benefits behind the use of PIRL-DIVE for homogenization of 

tissues consists in overcoming the problem of having to use different kinds of buffer and their 

incompatibility to different proteomics approaches. Also diluting the samples to reduce the 

concentration of these buffers to an acceptable level to be compatible with a specific approach 

can be avoided by the application of PH. The otherwise necessary diluting steps could cause 

an imbalance between the denaturing agents necessary to stop the activity of endogenous 

proteases on the one hand and the tryptic digestion on the other hand [91]. 

The number of proteins identified by LC–MS/MS analysis of the SDS-PAGE of the three 

biological rat pancreas replicates showed a higher number of proteins identified in the PH 

samples: 1743 proteins(+ /- 173 proteins) compared to 1467 proteins (+ /- 138 proteins) 

identified in the MH sample (Figure 32 A). 

Moreover, a considerably higher number of proteins was identified in all the three rat 

pancreas samples in PH: 1418 proteins, compared to those identified in MH: 1116 proteins. 

Of these proteins 1092 (75.7 %) were identified in both PH and MH, 24 proteins (1.7%) were 

identified only in MH, and a considerably higher number of proteins (326 proteins, 22.6 %) 

were exclusively identified in PH (Figure 32 A). These results were supported by previous 

findings by Kwiatkowski et al., where a higher number of proteins were identified from 

human tonsils in PH compared to MH (Figure 8 A). 

These results show that by using PIRL-DIVE for homogenization the tissue samples we were 

able to identify a higher number of proteins compared to mechanical tissue homogenization. 

This is considered as another advantage of using PTH. 

Several steps in the tissue homogenization tissue and protein extraction process can introduce 

variability in the outcome of the protein identification because of the action of endogenous 

enzymes. Therefore one of the main challenges in the sample preparation approaches is the 

reproducibility. In spite of the availability of various methods to stop the action of proteases 

such as using proteases inhibitors cocktails, pH adjustment, precipitation as well as heating 

[63, 86, 150], still these methods are not effectively preserving the entire proteome from the 

actions of these endogenous enzymes. This lack of reproducibility was demonstrated in the 

study of Jizu Yi et.al for serum and plasma proteins by using three different 

anticoagulants [151]. New methods in tissue homogenization and protein extraction which 
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can minimize the loss in the integrity of proteins during sample preparation is urgently 

demanded.  

The reproducibility of the protein identification in our experiments was checked depending on 

the number of proteins identified in the all three rat pancreas samples for both PIRL and 

mechanical homogenates. For this purpose, the Venn diagram was constructed from the 

proteins identified in PIRL homogenates (PH) (Figure 32 B) showing that 1418 proteins 

(69%) were identified in all three rat pancreas samples in PH compared to 1116 proteins 

(61%) in case of the MH (Figure 32 C). These results are in agreement with the results 

obtained for human tonsil samples where the percentage of protein identification in all three 

biological replicates in PH was 46 % (Figure 8 B) whereas it was 34 % in MH (Figure 8 C) 

[1]. 

Using PIRL for tissue homogenization results in a considerably higher reproducibility of 

identifying proteins (Figure 8 B and C, tonsils, and Figure 32 B and C, pancreas). This is most 

probably due to the absence of particles in the PIRL homogenate, thus minimizing losses 

based on surface adsorption [77], and the significantly lower degree of proteolytical 

degradation of intact protein species (Figure 31). 

Because of the effect of proteases, resulting in proteolytic degradation of the proteins during 

tissue homogenization, and the inability to reproduce enzymatic degradation all the time to 

the same amount, it is often difficult or impossible to validate diagnostic protein markers. The 

higher reproducibility with a lower degree of proteolytic degradation in case of PTH holds a 

significant advantage in biomarkers validation. 

Based on these remarkable properties of PTH resulting in improved reproducibility and the 

identification of more proteins in intact form, new disease-associated protein species could be 

identified and validated by using PTH in pre-analytical sample preparation to achieve a higher 

reproducibility and preserve the intact chemical composition of the protein. 

The reproducibility is a fundamental aspect to success in diagnostic protein biomarker 

research as in the last 20 years only a few biomarkers were validated and accepted by the US 

food and drug administration (FDA) to use as a clinical marker [152, 153]. 

In a recent review by Anderson et.al [152] it is shown that only 22 tests were approved as a 

diagnostic marker since 1993. Yi et al. implied as the reason of this problem that these protein 

biomarker has not passed the validation [151]. According to Obuchowski et.al and Sackett 
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et.al these diagnostic biomarkers should be validated in an independent study before approved 

for clinical use [154, 155]. 

To validate the previous results regarding degradation rate, determine a recovery rate, and to 

have the first hint about phosphorylation, rat pancreas was spiked with alpha casein 

homogenized via PIRL-DIVE and mechanical homogenization in the presence of urea and 

thiourea as lysis buffer. 

Using urea in this experiment for unfolding and denaturation the proteins [156] has 

limitations. Firstly does trypsin, which is widely used in protein digestion protocols, not 

tolerate harsh solubilizing condition as 8 M urea for example [157], and secondly can the 

heating of proteins above 37 °C in the presence of urea induce carbamylation, an artificial 

modification of protein amino groups [158]. In contrary to this, if we ablate tissue via PIRL 

then we can apply the PIRL homogenates (PH) directly to different proteomics approaches 

without further sample preparation. 

Top-down proteomics is one approach of choice to apply the condensate after ablation of the 

sample via PIRL directly. The intact protein analyses in this approach without tryptic 

digestion and with the ability to detect post-translation modifications represent the main 

advantages of using this approach [159]. However, the lack of robust data analysis tools and 

the solubility issue of the intact proteins is one of the main challenges which this approach 

still faces [60, 159, 160]. 

In order to perform reproducible and comparable experiments, the tissue type plays an 

important role in determining the protein list we obtained. Therefore an histological 

examination from both cuts of the rat pancreas used for PTH and MTH was performed as 

described in previous experiment section (Figure 33). 

A standard protein, alpha casein, was chosen as a model to spike the rat pancreas tissue used 

for the homogenization experiment, because alpha casein is rich in phosphorylated amino 

acids [161] and has been thoroughly characterized previously. 

An equal protein amount of PH and MH was subjected to SDS-PAGE in order to compare 

samples obtained by PH and MH (Figure 34). 

The bands in SDS-PAGE were cut starting from a molecular weight of 24 kDa, because this is 

the theoretical molecular weight of the intact alpha-casein protein. All bands were cut in equal 

fashion to assure a reliable comparison between both PH and MH (Figure 35). 
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A higher yield of intact alpha-S1-casein species in the sample obtained by PH compared to 

MH was demonstrated after LC-MS/MS analysis (Figure 36). In addition, a considerably 

higher yield of intact alpha-S2-casein species was obtained in PH compared to MH (Figure 

39). 

Furthermore, the results indicated that the yield of alpha-S1-casein species with a molecular 

weight less than 14 kDa was significantly higher in the MH sample compared to PH (Figure 

37). Regarding alpha-S2-casein, the results also illustrated a higher amount of degradation 

products with a molecular weight of less than 14 kDa in MH compared to PH (Figure 40). 

The number of identified phosphopeptides in alpha-S1-casein was significantly higher in PH 

than those detected in MH (Figure 38). A considerably higher number of phosphopeptides in 

alpha-S2-casein was detected in PH compared to MH (Figure 41). 

 To summarize the results obtained in this experiment, a significantly higher yield of intact 

alpha-casein species and a higher number of phosphopeptides were identified in PH compared 

to MH. The most probable reason for that is the much shorter exposure time to enzymatic 

degradation reactions and the minimal sample loss during PTH, because almost no particles 

were present in homogenates obtained by PH. In contrast samples obtained by MH contained 

undissolved particles, which may adsorb some proteins, which are then lost after the 

centrifugation step. Another reason for the higher yield of intact alpha-casein species in case 

of PH compared to MH is the reduction in experimental steps involved in PTH compared to 

MTH [111]. 

Upon homogenization of the tissue, the endogenous enzymes are liberated and come in direct 

contact with the cellular proteins, leading to protein degradation and loss of phosphate groups 

by the action of phosphatases. The longer the time of exposure to phosphatases the larger is 

the chance of losing phosphate groups from phosphopeptides. This would explain the lower 

number of phosphopeptides identified in case of MH. The importance of such findings here 

concerning the number of phosphopeptides lies in the development of pre-analytical sample 

preparation protocols, which ensure the highest possible integrity of the proteins for the study 

of post-translational modifications. This is one of the essential demands in proteomics due to 

the vital role of PTMs in cellular processes and in many diseases [162, 163]. 

Another reason is the adsorptive loss of phosphopeptides on surfaces during sample 

preparation which was clearly demonstrated in the study of Stewart et.al [164] and Speicher 

et.al. [165]. 
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Based on previous results in chapter 1, chapter 2, and the tonsils results [1] (Kwiatkowski et 

al.,2016), a higher yield of intact alpha-casein protein species, a higher recovery rate and a 

higher number of phosphopeptides was expected in the case to PIRL homogenate compared to 

mechanical homogenates. This could be expected, since in the PIRL homogenates (PH) 

almost no particles were detected, which could have caused loss of proteins and since in the 

PH experiment the proteins were exposed to the action of proteases for a shorter time, 

compared to the mechanical homogenates (MH). The results in this chapter fully matched our 

expectations in the case of alpha-S1-casein and still considerably matched in case of alpha-

S2-casein. 

Finally, this work was confirmed the hypothesis that due to the ultrafast homogenization 

process of tissues via PIRL-DIVE the cellular proteome exposed to endogenous enzymes in a 

minimal time frame compared to mechanical homogenization method. This very short time 

exposure lead to reduce the effect of these endogenous enzymes on the proteins in PH ,and 

make the investigation of the proteome at exact chemical composition more close than 

previous.
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5 Summary-Zusammenfassung 

a) Summary  

One of the main goals of proteomics is to develop diagnostic and therapeutic applications. 

The smallest functional unit of the proteome is the protein species. The exact chemical 

composition of any protein species determines their function. The alteration of the exact 

chemical composition of the protein will form new different protein species. Changing of the 

exact chemical composition of the protein in vitro consider one of the challenging face the 

study of protein at their in vivo state. During homogenization, the disruption of cellular 

membranes via tissue homogenization disrupts compartimentation, so endogenous enzymes 

will get in contact with cellular proteins. In this case, the time of contact enables these 

endogenous enzymes to degrade the proteins and alter in their in vivo modifications. Many 

procedures have been taken place to stop the action of these endogenous enzymes. With the 

new PIRL-DIVE technology, the homogenization process occurs in milliseconds. Our 

hypothesis came to light that because of this ultrafast process of homogenization the tissue via 

PIRL-DIVE the time frame of exposure of cellular proteins to endogenous enzymes is 

minimized which enables soft desorption of proteins from tissues. The results obtained from 

separation both PH and MH from porcine muscle tissue in 2DE and analysis via LC-MS/MS 

indicated a lower number of intact protein species, much more proteolysis products detected 

in mechanical homogenate (MH) compared to PIRL homogenate (PH). Based on these 

results, it was shown that the action of the endogenous enzymes such as proteases and 

phosphatases cause alterations in the exact chemical composition of proteins, and the impact 

of these endogenous enzymes was clearly seen in MH rather than in PH. Furthermore, a 

significantly higher number of proteins in the three biological replicates of rat pancreas and 

considerably higher number of all the three biological replicates were identified in PH. From 

spiked rat pancreas with alpha casein experiment, a significantly larger number of intact 

Alpha-S1casein was detected in the case of PH compared to MH. Moreover, the recovery rate 

of phosphopeptides of Alpha-S2-casein was significantly higher in PH compared to MH. 

Summing up the results, it can be concluded that due to the ultrafast homogenization process 

of tissues via PIRL-DIVE, the cellular proteome exposed to endogenous enzymes in a 

minimal time frame compared to mechanical. This leads to reduced effects of these 

endogenous enzymes on the proteins in PH. The absence of particles in PH reduces the loss of 

protein via adsorption compared to MH. From one sample, several PH aliquots can apply to 

different proteomic approaches without further sample preparation and without caring about 



Summary 

 

104 

 

buffer compatibility to each approach unlike in MH. Using PIRL-DIVE for homogenization 

of tissues in the future will enable studying of the proteome in their exact chemical 

composition. This will help to understand the molecular mechanisms in healthy and diseased 

situations and to design new protein biomarkers that can reach the clinical market 

successfully.
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b)  Zusammenfassung 

Eines der wesentlichen Ziele der Proteomforschung ist die Entwicklung neuer diagnostischer 

und therapeutischer Anwendungen. Die kleinste Einheit des Proteoms ist die Proteinspezies. 

Die exakte chemische Zusammensetzung einer Proteinspezies bestimmt deren Funktion. 

Verändert sich die chemische Zusammensetzung, ergibt dies eine neue Proteinspezies. Die 

Veränderung der exakten chemischen Zusammensetzung der Proteine in vitro ist eine der 

wesentlichen Probleme bei der Untersuchung ihres in vivo-Zustandes. Bei der 

Homogenisierung von Geweben werden die Zellmembranen zerstört und somit die 

Kompartimentierung aufgehoben, so dass endogene Enzyme mit den zellulären Protein in 

Kontakt treten. Die endogenen Enzyme können dabei die Proteine degradieren oder auf 

andere Art chemisch verändern. Es existieren mehrere Möglichkeiten, diese Enzyme zu 

inhibieren. Mit der PIRL-DIVE-Technologie findet die Homogenisierung innerhalb von 

Millisekunden statt. Unserer Hypothese nach wird der Kontakt der zellulären Proteine mit den 

endogenen Enzymen durch den extrem schnellen Homogenisierungsschritt stark minimiert. 

Die Ergebnisse der 2D-Gelelektrophorese und der LC-MS/MS-Analyse deuteten auf eine 

niedrigere Anzahl intakter Proteine sowie eine höhere Menge an Proteolyseprodukten in den 

mechanisch homogenisierten (MH) im Vergleich zu den PIRL-homogenisierten (PH) Proben. 

Diese Ergebnisse lassen darauf schließen, dass die exakte chemische Zusammensetzung der 

Proteine durch die endogenen Enzyme in den MH-Proben verändert wurde. In den PH-Proben 

des Rattenpankreas wurde eine signifikant höhere Zahl an Proteinen als in den MH-Proben 

identifiziert. Gleichzeitig war der Anteil der reproduzierbaren Identifizierungen (drei 

biologische Replikate) höher. In den mit alpha-Casein gespikten Rattenpankreasproben wurde 

eine signifikant größere Menge alpha-S1-Casein im PIRL-Homogenat nachgewiesen. 

Weiterhin war die Wiederfindungsrate von Phosphopeptiden des alpha-S2-Casein signifikant 

höher. Zusammengefasst kann festgestellt werden, dass das zelluläre Proteom durch die 

ultraschnelle Homogenisierung mit PIRL-DIVE weniger den Veränderungen durch endogene 

Enzyme unterliegt als bei der mechanischen Homogenisierung. Da das PIRL-Homogenat frei 

von Partikeln ist, treten weniger Adsorptionsverluste auf. Von einer PIRL-homogenisierten 

Probe können diverse Aliquots für verschiedene Analysen genutzt werden, ohne dass 

Komplikationen durch bei der mechanischen Homogenisierung genutzte Puffer und Lösungen 

auftreten. Die PIRL-DIVE-Homogenisierung von Gewebeproben wird in Zukunft die Analyse 

der exakten chemischen Zusammensetzung des Proteoms erleichtern und damit zum besseren 

Verständnis der molekularen Mechanismen von Krankheitsbildern sowie zur Entwicklung 

neuer Proteinbiomarker beitragen. 
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6 Abbreviations 

2DE                  Two-Dimensional Electrophoresis 

ACN                 Acetonitrile 

AGC                 Automatic Gain Control 

ACE                  Angiotensin-Converting Enzyme 

a.u.                    Arbitrary Units 

BPC                   Base Peak Chromatogram 

BCA                  Bicinchoninic Acid 

BSA                  Bovine serum albumin 

BEH                  Ethylene Bridged Hybrid 

°C                      Celsius 

cm
2
                    Square Centimeter 

DDA                  Data Dependant Acquisition 

DTT                   Dithiothreitol 

DIVE                 Desorption by Impulsive Vibrational Excitation 

DNA                  Deoxyribonucleic Acid 

EIC                    Extracted Ion Chromatogram 

ESI                    Electrospray Ionization 

eV                     Electon-Volt 

et al.                  et alii 

FDA                  Food and Drug Administration 

FA                     Formic Acid 

H2O                 Water 

HCL                 Hydrochloric Acid 

HPLC               High pressure liquid chromatography 

Hz                     Hertz 

IR                     Infrared 

J                        Joule 

kDa                   Kilo Dalton 

kV                     Kilovolt 

Q                       Quadrupole 

Laser                Light Amplification by Stimulated Emission of Radiation 

LC                    Liquid Chromatography 

LFQ                  Label-free Quantitation 
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L                       Liter 

min                   Minutes 

MW                 Molecular Weight 

MS                   Mass Spectrometry 

MS/MS            Tandem Mass Spectrometry   

MTH                Mechanical Tissue Homogenizaton  

MH                   Mechanical Homogenate 

MeOH              Methanol 

Mr                   Molecular Mass 

m/z                  Mass to Charge Ratio 

M                     Molar 

mg                   Milligrams 

nm                    Nanometre 

mm                   Millimetre 

mA                   Milliampere 

nanoUPLC       nano-Ultra Pressure Liquid Chromatography 

nanoESI           nano-Electrospray ionisation 

NH4HCO3      Ammonium Bicarbonate 

Nd:YLF           Neodymium-Doped Yttrium Lithium Fluoride 

Nd:YAG         Neodymium-Doped Glass 

OPA                Optical Parametric Amplifier 

PMSF              Phenylmethylsulfonyl Fluoride 

PIRL                Picosecons-Infrared-Laser 

PH                   PIRL-Homogenate 

PTH                 PIRL-Tissue-Homogenization 

PBS                  Phosphate Buffered Saline 

RP                    Reverse Phase 

ps                     Picosecond 

pMol                Picomole  

RNA                 Ribonucleic Acid 

RT                    Room Temperature 

rpm                  Revolutions per Minute 

SDS-PAGE      Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis 

SDS                  Sodium Dodecyl Sulfate 
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Sec                   Second 

TOF                 Time of flight 

Tris                  Tris (hydroxymethyl) aminomethane 

T                      Tempreture 

UV                   Ultra Violet 

V                      Volt 

W                    Watt 

μ                      Micro- 

µg                    Microgram 

μm                   Micrometre 
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8 Appendix 

 

 

Figure 42: BSA standard curve for protein determination by BCA method of PIRL and mechanical homogenates 

from porcine muscle tissue. The absorbance of the protein from 10x diluted sample from PIRL homogenate was 

0.2499, the protein concentration in PIRL homogenate according to the linear equation c= 1.3 µg/µL. The 

absorbance of the protein from 10x diluted sample from mechanical homogenate was 0.2397, the protein 

concentration in mechanical homogenate according to the linear equation c= 1.1 µg/µL. 
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Figure 43: BSA calibration curve for protein determination by 2-D quant method of protein extracts from 

mechanical homogenates of the rat pancreas no.1 and 2. The UV-Absorption of 1 µL of mechanical homogenate 

from rat pancreas no.1 at 480 nm was 0.633, and the protein concentration was according to the linear equation 

c = 26.9 µg /µL. The UV-Absorption of 1 µL of mechanical homogenate from rat pancreas no.2 at 480 nm was 

0.688, and the protein concentration was according to the linear equation c = 17.6 µg /µL. 
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Figure 44: BSA calibration curve for protein determination by 2-D quant method of protein extracts from PIRL 

homogenates of the rat pancreas no.1 and 2.The UV-Absorption of 30 µL of PIRL homogenate from rat pancreas 

no.1 at 480 nm was 0.26, and the protein concentration was according to the linear equation c = 4.7 µg /µL. The 

UV-Absorption of 30 µL of PIRL homogenate from rat pancreas no.2 at 480 nm was 0.198 and the protein 

concentration was according to the linear equation c = 5.3 µg /µL. 
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A) 

B)  

 

Figure 45: BSA calibration curve for protein determination by 2-D quant method of protein extracts from PIRL 

and mechanical homogenates of the rat pancreas no.3. A. BSA calibration curve for protein determination of 

protein extracts from mechanical homogenate. The UV-Absorption of 1 µL of mechanical homogenate from rat 

pancreas no.3 at 480 nm was 0.621, and the protein concentration was according to the linear equation 

c =31.7 µg/µL. B. BSA calibration curve for protein determination of protein extracts from PIRL homogenate. 

The UV-Absorption of 10 µL of PIRL homogenate from rat pancreas no.3 at 480 nm was 0.7 and the protein 

concentration was according to the linear equation c = 2.0 µg /µL.  
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Figure 46: BSA calibration curve for protein determination by 2-D quant method of protein extracts from PIRL 

and mechanical homogenates of the three rat pancreas spiked with alpha-casein. The UV-Absorption of 15 µL of 

PIRL homogenate from rat pancreas spiked with alpha-casein no.1 at 480 nm was 0.571, and the protein 

concentration was according to the linear equation c = 2.1 µg /µL. The UV-Absorption of 15 µL of PIRL 

homogenate from rat pancreas spiked with alpha-casein no.2 at 480 nm was 0.431, and the protein concentration 

was according to the linear equation c = 3.4 µg/µL. The UV-Absorption of 15 µL of PIRL homogenate from rat 

pancreas spiked with alpha-casein no.3 at 480 nm was 0.421 and the protein concentration was according to the 

linear equation c = 3.4 µg /µL. The UV-Absorption of 5 µL of mechanical homogenate from rat pancreas spiked 

with alpha-casein no.1 at 480 nm was 0.471 and the protein concentration was according to the linear equation 

c = 9.1 µg /µL. The UV-Absorption of 5 µL of mechanical homogenate from rat pancreas spiked with alpha-

casein no.2 at 480 nm was 0.431 and the protein concentration was according to the linear equation 

c =10.1µg/µL. The UV-Absorption of 5 µL of mechanical homogenate from rat pancreas spiked with alpha-

casein no.3 at 480 nm was 0.471 and the protein concentration was according to the linear equation 

c = 9.1 µg /µL. 
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