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Zusammenfassung 

Das Forschungsfeld „Proteomics“ befasst sich mit der qualitativen und (relativen) 

quantitativen Analyse der Gesamtheit der Proteine in Zellen, subzellulären Organel-

len, Geweben, in Körperflüssigkeiten und Sekreten oder sogar in gesamten Orga-

nismen. Derzeit werden dafür im Wesentlichen zwei unterschiedliche Strategien ein-

gesetzt, einerseits die Analyse nach Auftrennung der intakten Proteine, der soge-

nannte „top-down“-Ansatz, und andererseits die Analyse der Proteine nach deren 

Spaltung in Peptide, der sogenannte "bottom-up" Ansatz. Letzterer umfasst zumeist 

eine enzymatische Spaltung der Proteine in Peptide an definierten Spaltstellen ("Pro-

teinverdau"). Dieser Proteinverdau ist dabei in zeitlicher Hinsicht der Flaschenhals 

jedes "bottom-up" Experiments. Die vorliegende Arbeit befasst sich mit der Entwick-

lung einer Analysenmethode, die einen online Verdau beinhaltet, bei der Enzymreak-

toren mit immobilisiertem Trypsin zum Einsatz kommen, um schnelle Proteom-

Analysen zu ermöglichen. Zukünftig soll diese Methode unter anderem für die Analy-

se des Sekretoms von humanen Embryonen, die für In-Vitro Fertilisation gezüchtet 

wurden, eingesetzt werden. In diesem Falle ist das rasche Vorliegen von Daten zur 

Beurteilung der Embryonen besonders wichtig. 

Der erste Teil dieser Arbeit beschäftigt sich mit Probenvorbehandlung und der Opti-

mierung eines mobile Phase-Gradienten für die Auftrennung tryptischer Peptide mit-

tels High Performace Liquid Chromatography (HPLC). Die Proben wurden unter ver-

schiedenen denaturierenden Bedingungen behandelt, wobei sich Harnstoff für die 

Denaturierung der Proteine als sehr gut geeignet erwies, während sich das Surfac-

tant Rapigest störend auf das Gesamtsystem auswirkte. Als mobile Phase-Gradient 

wurde ein ternärer Gradient mit Acetonitril, Methanol und Trifluorethanol als organi-

sche Lösungsmittelkomponenten entwickelt.  

Der größte Teil dieser Arbeit befasst sich mit der Wahl und "Optimierung" der Ver-

dau-Bedingungen im Enzymreaktor. Das pH Optimum lag dabei, wie erwartet, zwi-

schen 7,5 und 8,5, und von den getesteten Puffersubstanzen erwies sich Ammo-

niumacetat als das am besten geeignete. Bezüglich des Einflusses von organischen 

Lösungsmittelkomponenten erwies sich, dass Acetonitril in einer Konzentration von 

10% die Verdaueffizienz steigert, ebenso wie die Zugabe von 2M Harnstoff in die 

Pufferlösung. Als weitere Parameter wurde der Einfluss von Verdautemperatur und 
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Verdauzeit, bestimmt durch die Flussrate, untersucht. Dabei erwies sich eine Tempe-

ratur von 40°C als geeignet. Der Einfluss der Flussrate auf die Verdaueffizienz war 

geringer als erwartet, es stellte sich ein Volumenfluss von 7 µl/min, entsprechend 

einer Verweildauer im Trypsin-Reaktor von 14 min, als guter Kompromiss dar. 

Als ein besonderes Problem stellte sich die Verschleppung der Probe durch Adsorp-

tion im Trypsin-Reaktor heraus. Weder das Waschen mit organischen Lösungsmit-

teln, noch das mit hoch konzentrierten Salzlösungen konnte diesen Effekt wesentlich 

reduzieren. Es wurde hingegen deutlich, dass mit der Steigerung der Verdau-

Effizienz auch die Verschleppungseffekte reduziert werden konnten. 

Ein wichtiger Punkt dieser Studie war die Konfigurierung eines Gesamt-

Chromatographie-Systems, das hohen Probendurchsatz und online Verdau mit kur-

zen Aufenthaltszeiten im Reaktor erlaubt. Dafür wurde ein System entworfen, das 

aus jeweils zwei Trypsin-Reaktoren, zwei Vorsäulen und zwei Trennsäulen besteht. 

Mit diesem System wurde es möglich, die Wasch-und Equilibrierungszeiten zu erhö-

hen, die Analysendauer aber dennoch zu senken. 

Schlussendlich wurde die neu entwickelte Methode anhand von IVF-Proben mit einer 

Standardmethode verglichen. Als vorläufiges Ergebnis konnte festgestellt werden, 

dass die vorgestellte Methode mit online Verdau für die Analytik von komplexen Pro-

ben geeignet ist. 
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Abstract 

The research area of “proteomics” deals with the qualitative and (relative) quantitative 

analysis of the entire complement of proteins in cells, sub-cellular organelles, tissues, 

in body fluids or even in whole organisms. Currently, basically two different strategies 

are applied. On the one hand, in the so called “top down” approach, intact proteins 

are separated and then analyzed. On the other hand, in the so called "bottom-up" 

approach, proteins are enzymatically cleaved into peptides with defined cleavage 

sites ("protein digestion") before analysis. Protein digestion is the bottleneck of every 

bottom up proteomic experiment in terms of time consumption. In order to enable fast 

proteomic analyses, a method for online protein digestion is developed in this work, 

using immobilized trypsin reactors. In future, this method should be used for the 

analysis of the secretome of human embryos grown for in vitro fertilization (IVF). In 

this field of application, short analysis times are mandatory. 

The first part of this work comprises the development of suitable sample preparation 

conditions as well as an eluent gradient for the separation of tryptic peptides with 

high performance liquid chromatography (HPLC). Samples were treated with different 

denaturing agents, of which urea was found to be well suited for the denaturing of 

proteins, whereas the Rapigest surfactant interfered with our system. As mobile 

phase gradient, a ternary gradient with acetonitrile, methanol and triflouroethanol as 

organic modifiers was developed. 

The major part of this work deals with finding and “optimizing” appropriate digestion 

conditions for an immobilized enzyme reactor (IMER). As expected, the pH optimum 

for the IMER was between pH 7.5 and 8.5. Several different buffer substances were 

tested, of which ammonium acetate turned out being the most appropriate buffer salt. 

Regarding the addition of organic solvents to the buffer solution, it turned out that 

acetonitrile at a concentration of 10% could increase the IMER efficiency.  A similar 

effect could be attained by addition of 2M urea to the buffer solution. As further pa-

rameters, the influence of digestion temperature and digestion time, controlled by the 

flow rate, have been investigated. A temperature of 40°C was shown to be appropri-

ate. The flow rate did not have as great an impact as we had anticipated, being op-

timal at 7 µl/min, corresponding to a dwell time in the IMER of 14 min. 
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In the course of the study, memory effects caused by the IMER turned out being a 

major issue. Neither washing steps with organic solvents, nor those with high salt 

solutions could significantly reduce these effects. However, it was shown that the en-

hancement of digestion efficiency of the IMER was effective in reducing the carryover 

effect. 

A further important point of the work was setting up a complete HPLC system suita-

ble for high throughput online digestion analyses. Eventually, a system consisting of 

two IMER's, two trap columns and two separation columns has been developed, 

which allows parallel runs. In this way, the run time could be reduced while washing 

and equilibration time was enhanced. 

Finally, the newly developed method was compared with a standard bottom up pro-

teomic approach using IVF-samples. As preliminary result, it could be shown that the 

online digestion method is suited for the analysis of complex proteomic samples. 
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Abbreviations  

ACN acetonitrile 

AFC affinity chromatography 

BSA bovine serum albumin 

CID collision induced dissociation 
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IVF in vitro fertilization 
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MALDI matrix assisted laser desorption-ionization 

MeOH methanol 
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m/z mass to charge ratio 
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RPLC reversed phase liquid chromatography 
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1 Introduction 

The term ‘proteome’ was introduced in the mid-1990s in analogy to the term ‘ge-

nome’ [1], describing the entire complement of proteins of an organism, a tissue, a 

cell or a body fluid at a defined state. While the human genome consists of approx-

imately 25.000 genes [2], the number of different proteins in the human body is esti-

mated to be at around 1 million [3]. This is due to the fact that a single gene might 

code for several proteins. Genomic recombination, alternative splicing, differential 

transcription termination and initiation at different promoters can lead to the genera-

tion of several different mRNAs of a single gene [4]. Posttranslational modifications 

(PTMs) of the initial proteins further increase the complexity of the proteome. In con-

trast to the genome, the proteome is highly dynamic and changes during ontogene-

sis, in response to environmental stimuli and various pathological situations, making 

proteomics a highly challenging research field. 

1.1  Strategies for Proteome Analysis 

Two different approaches for proteomic experiments are currently existing, referring 

to the entities which are introduced into the mass spectrometer (MS) [5]. The so 

called ‘bottom up’ approach is currently the most widely used proteomic strategy. It 

implies the digestion of the proteins to peptides by biological or chemical agents, fol-

lowed by liquid chromatographic (LC) separation and their mass spectrometric detec-

tion and identification. Protein digestion is most frequently done by the use of the pro-

tease trypsin. The generated peptides are usually separated using reversed phase 

liquid chromatography (RPLC), where volatile mobile phases are used, so that the 

high performance liquid chromatography (HPLC) apparatus can be coupled online to 

the MS via electrospray ionization (ESI) [6]. Although being the most mature proteo-

mic method, the bottom up approach has some inherent limitations. Not all peptides 

of a protein are detected by the mass spectrometer and some with very low abun-

dances only, making it challenging to distinguish between different isoforms of a cer-

tain protein. Furthermore, information on posttranslational modifications can easily be 

lost due to the limited sequence coverage and also by fragmentation during MS. 

In the ‘top down’ approach, intact proteins are separated and introduced into the MS 

[7]. In contrast to the bottom up strategy, it is more likely to obtain complete se-
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quence information, thus making this procedure more suitable for the analysis of dif-

ferent splice variants of proteins and the accessory of PTMs. Here, the time consum-

ing step of protein digestion is avoided. However, there are major drawbacks to this 

approach. The main problem is the low solubility of hydrophobic proteins. In MS 

analysis, the charge state of the protein after ionization is not uniform, in fact there 

exists a charge state distribution. The dissociation behavior of intact proteins is not 

well characterized [5]. The spectral information generated by multiply charged pro-

teins is very extensive, making top down strategies unsuitable for complex samples 

like cell lysates. Furthermore, bioinformatic tools provided for top down approach at 

the moment are quite limited compared to the ones available for bottom up strategies 

[7]. 

The 'middle down' approach can be seen a compromise between the two strategies 

mentioned above. Here, the proteins are digested into large peptides, for example 

using the protease ompT [8]. This approach is, for instance, well suited for the analy-

sis of large proteins like histones [9]. 

Proteomics comprises both, qualitative and quantitative analysis of the proteome. For 

protein identification, a widely used method is peptide mass fingerprinting (PMF) [10, 

11], where in a bottom up-manner peptides of digested proteins are separated and 

their accurate mass is determined by MS. These peptide masses are then compared 

to the theoretical masses of in silico digests, calculated by protein sequence data-

bases by certain algorithms, of which MASCOT is the most popular [12]. This method 

can only identify proteins with known sequence, which are listed in the database of 

choice Protein identification can also be done using MS2.. Therefore, the peptides are 

fragmented after MS, and the fragments undergo another round of MS. The fragment 

spectra are then compared to a database containing a spectrum library. 

The field of quantitative proteomics comprises numerous methods, which can be di-

vided into absolute and relative quantification methods, as well as in label-free and 

labeling based methods, where the labeling can be carried out either in vivo or in vi-

tro. Stable isotope labeling by amino acids in cell culture (SILAC) [13] provides cells 

with a labeled essential amino acid, e.g. deuterated leucine, which will be included in 

their proteome. Proteins of cell cultures containing deuterated variants of amino acids 

can be compared with proteins from cell cultures fed by non-deuterated amino acids. 

Isotope coded affinity tags (ICAT) [14] are molecules reacting with the thiol group of 
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cysteines on one end and a biotin tag for affinity enrichment on the other end. These 

two groups are separated by a linker, which can be labeled by deuterium, thus enabl-

ing distinguishing of differently coded proteins. In contrast, the isobaric tags for rela-

tive and absolute quantification (iTRAQ) [15] method is based on the labeling of pep-

tides with tags of identical mass. They will release reporter groups of different 

masses during fragmentation in the MS which can be detected and discriminated dur-

ing MS2. A simple variant of label free absolute quantitation is based on the exponen-

tially modified protein abundance index (emPAI) [16]. It is calculated automatically 

during a database enquiry in MASCOT and delivers an approximation to the quantity 

for proteins identified in a PMF experiment. 

1.2  Protein Digestion 

Due to certain shortcomings of top-down proteomics, mostly originating from the 

large size of intact proteins and the limited solubility of hydrophobic membrane pro-

teins, the bottom-up approach is at the moment the most widely used proteomic 

strategy. Advantages of bottom-up proteomics lie in the lower molecular mass and 

the narrower charge state distribution of peptides compared to proteins. Furthermore, 

peptides are more easily separated by LC than proteins, thus enhancing sensitivity of 

the analysis [17]. In bottom-up proteomics, protein digestion is an essential step, 

strongly influencing the outcome of the experiments [18].  

1.2.1. Enzymatic Protein Digestion Using Trypsin 

Despite the fact that many different proteolytic enzymes are currently available for 

controlled protein digestion, in the majority of experiments, trypsin is used as the en-

zyme of choice. This is because of the high cleavage efficiency, the cleavage site 

specificity and the nature of tryptic peptides, which are well suited for MS based ana-

lyses [19]. Trypsin specifically cleaves the protein backbone C-terminal of Lys and 

Arg, which are usually well distributed throughout a protein [18]. However, there are 

some exceptions from this rule, as trypsin does not cleave the peptide bond, when 

Arg or Lys are followed by Pro [20] or when the access to the cleavage site is steri-

cally hindered, e.g. by PTMs. When two or more positive charged residues are next 

to each other, trypsin will cleave after the most C-terminal of this amino acid.. Tryptic 
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cleavage leads to peptides with an average length of about 14 amino acids, which 

have at least two positive charges [18] at physiological pH-conditions. 

Protocols used for tryptic digestion usually include denaturation of the protein with 

chaotropic agents, such as urea, followed by the reduction of disulfide bonds with 

dithiothreithol (DTT) and subsequent alkylation of the cysteins by iodoacetamide 

(IAA). The actual process of digestion is carried out at neutral to slightly basic pH, 

since trypsin has an activity optimum at a pH range from seven to eight [21]. Stan-

dard protocols include incubation over about 16 hours at 37°C. The digestion is then 

stopped by the addition of formic acid (FA) or triflouroacetic acid (TFA). It has been 

shown that digestion efficiency of a given protocol varies for different proteins, and 

that optimal digestion conditions are protein dependent [22]. 

1.2.2. Alternative Enzymatic and Chemical Digestion  

Under certain circumstances, like overabundance of Lys and Arg or due to pH in-

compatibilities, it can be favorable to use a different enzyme. For example, pepsin 

can be used as an alternative to trypsin when working at acidic pH [23]. As pepsin 

cleaves less specifically, a larger number of peptides is obtained and thus MS data 

become very complex. Endoproteinases like Arg-C, Asp-N, Glu-C and Lys-C show 

high specificity and cleavage efficiency and can be utilized instead of trypsin [24]. 

In order to access complex proteomes, combined digestion using two different en-

zymes can be a promising approach. This way, the number of identified peptides and 

proteins can be increased significantly [25, 26]. Common strategies are the use of 

typsin in combination with, Lys-N [27] or Glu-C [28]. 

Non enzymatic protein digestion can be carried out using acids like FA [29], acetic 

acid (HAc) [30], or hydrochloric acid (HCl) [31] or other chemicals, for example cya-

nogen bromide [32] and hydroxylamine [33]. Furthermore, electrochemical oxidation 

is another way of protein digestion, resulting in specific cleavage at Tyr and Trp [34, 

35]. 
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1.2.3. Enhancement of Enzyme Based Protein Digestio n 

Various ways to improve protein digestion using trypsin have been reported, implying 

the introduction of energy into the system. An increase of temperature generally 

leads to faster reaction kinetics. Besides, higher temperatures cause protein unfold-

ing and thus increased cleavage site accessibility [36], which improves digestion. The 

practical application is limited though, because of the thermolability of most enzymes. 

This can be overcome by using for example reductive methylation of trypsin, which 

shifts the temperature of the activity maximum of the enzyme to 50-60°C [37], as well 

as the use of thermostable enzymes like thermolysin [38]. 

Application of pressure can have positive effects on protein digestion [39]. It has 

been shown that digestion under a pressure of six bar for 30 minutes yielded similar 

results compared to a classical over night approach  [40]. Increasing the pressure up 

to 2400 bar enabled the digestion of bovine serum albumin (BSA) in as little as 60 

seconds [39]. Unfolding of proteins may not only be achieved by heat, but also using 

digestion buffers containing organic solvents. A certain amount of organic solvents 

may therefore have a positive effect on the digestion process [41, 42]. Treatment of 

the sample with microwave irradiation during digestion can reduce the reaction time 

significantly [43]. The same has been sown for ultrasound [44] and infrared (IR) irrad-

iation [45, 46]. 

1.2.4. Protein Digestion Using Immobilized Trypsin 

The immobilization of enzymes in bioreactors is nowadays an established strategy 

utilized for enzymatic reactions. Using such an IMER for digestion of proteins implies 

some distinctive advantages over the classical over night digestion approach. It is 

time saving and reduces the risk of nonspecific cleavage [47]. The number of sample 

preparation steps is reduced, especially when coupled online to a LC system. There-

fore the risk of sample contamination by external factors is minimized and the robust-

ness of the analysis is thus increased. The digestion efficiency is enhanced due to 

the increased enzyme to substrate ratio without promoting autolysis of the enzyme 

[48]. It has been shown that immobilized trypsin is active at a higher pH range than 

free trypsin [49].  
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Various different materials have been shown to be appropriate for trypsin immobiliza-

tion. Inorganic particles such as silica and glass beads [50], as well as inorganic mo-

noliths based on silica [51] were used. Trypsin immobilized on silica based monoliths 

has been shown to have an activity increased 2000 fold over trypsin in solution [52]. 

Alternatively, trypsin can be immobilized directly onto the inner surface of silica-

based capillaries [53], as well as on nanomaterials, such as nanoparticles [54] and 

nanofibers. Organic monoliths, based on polyacrylamide [55] or polymethacrylate [56] 

are also used as trypsin carrier [57, 58]. Besides, organic membranes [59] and or-

ganic particles such as cross linked polystrene divenylbenzene (PS-DVB, Poros-

zyme®) [60] should be mentioned. In practice, flow through IMERs based on mono-

lithic carrier materials show the best performance [61]. The advantages of monolithic 

materials, referred to in the next chapter, apply for both separation and IMER perfor-

mance. 

Various different types of immobilization reactions exist up to date [62]. Basically, 

trypsin can be immobilized via covalent bondage or physical adsorption or can be 

incapsulated in sol-gel [63]. Covalent immobilization can be done e.g. by binding via 

epoxy groups, aldehyde groups, carbonyldiimidazole, activated ester groups, 

amongst others [64]. 

1.3  Basics of HPLC 

Proteomic samples are usually very complex. They can consist of whole cell or tissue 

lysates, as well as body fluids, containing a multitude of different proteins. Further-

more, the dynamic range of protein concentration in these samples is usually very 

high; one cell can contain between 1 and 1 million copies of two different proteins 

[65], and the concentration range of human serum proteins has been estimated to 

exceed ten orders of magnitude [66]. Thus, the reduction of the complexity of biologi-

cal samples is one of the most important and most challenging steps in proteomics. 

Before the development of capable HPLC systems, two dimensional (2D) electropho-

resis was the method of choice for separating complex protein samples [67]. Nowa-

days, this technique is not as widely used anymore, because of some major draw-

backs. It is very labor intensive and results are hard to replicate. Low abundant pro-

teins and very hydrophobic proteins are underrepresented, as well as basic, very 

small and large proteins. [68-71]. 
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1.3.1. HPLC Techniques for Separating Proteins and Peptides 

For the separation of proteins and peptides, RPLC, ion exchange chromatography 

(IEX), affinity chromatography (AFC), hydrophobic interaction chromatography (HIL-

IC) and size exclusion chromatography (SEC) are the techniques generally used [72]. 

Among them, RPLC is the most prominent separation method in proteomics [73], be-

cause of its superior efficiency compared to IEX and SEC [74], its robustness and the 

possibility of online coupling to MS.  

1.3.1. Reversed Phase HPLC 

While the RPLC of proteins and peptides is based on hydrophobic interactions be-

tween amino acid side chains and the immobilized n-alkyl ligands of the stationary 

phase, the exact molecular mechanisms are not yet fully understood [75]. 

The sample is applied to the column using an aqueous mobile phase, usually con-

taining five to ten percent organic modifier. Elution is facilitated by increasing the 

amount of organic solvent components in the mobile phase. Therefore, the analytes 

are eluted in order of increasing hydrophobicity [76]. The most common organic mod-

ifier in RPLC is acetonitrile (ACN), while alcohols like methanol or isopropanol are 

less favorable because of their high viscosity when mixed with water, generating a 

high system backpressure. A small change in organic modifier content can alter the 

adsorption properties of a peptide drastically, and a typical proteomic sample con-

tains a multitude of different peptides with a diverse range of retention factors. There-

fore, gradient conditions are favored for elution [77].  

In order to facilitate the retention of peptides on the stationary phase, it is crucial to 

add ion pairing agents to the mobile phase. By forming ion pairs, these agents mask 

the charged sites of the peptides. Therefore, the hydrophobicity of the peptide is in-

creased, thus enabling binding to the hydrophobic stationary phase [78]. For peptide 

separation, TFA is the most widely used ion pairing agent because of its high ionic 

strength. Nevertheless, for online coupled LC-MS systems, TFA can be inappro-

priate. It forms very strong ion pairs with the analyte, preventing the ionization in the 

electrospray [79]. Alternatively, different fluorinated carbonic acids, like heptafluoro-

butyric acid, or weaker acids like FA can be used [80]. The loss of chromatographic 
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resolution using a weaker ion pairing agents is balanced with receiving a higher MS 

signal. 

Stationary phases in RPLC are usually porous silica micro particles, sized around 2-5 

µm. Pores for peptide analysis are usually sized between 100 and 200 Å [77]. The 

silica material is chemically modified with hydrophobic n-alkyl ligands, of which n-

octadecyl (C18) n-butyl (C4) and n-octyl (C8) are the most common [81-83]. Alterna-

tively, phenyl- [84] and cyano-groups [85] can be used as well. During the process of 

alkyl-immobilization, about half of the silica groups are modified, whereas the rest is 

further silanized. This procedure is referred to as end capping. The type of n-alkyl 

ligand has a significant impact on the retention of proteins [86]. The longer the ligand, 

the more hydrophobic the stationary phase, leading to a stronger retention of hydro-

phobic analytes. Silica packed columns suffer from certain shortcomings, which basi-

cally are the high pressure needed for separation, sensitivity of the silica against pH 

values above 8 [87] and nonspecific adsorption of analytes on silanol groups[88].  

1.3.1.1. Alternative Stationary phase materials for  PR-HPLC 

To overcome the drawbacks of particle packed columns, monolithic columns provide 

an alternative to conventional packed columns, Monoliths are continuous bed struc-

tures, consisting of a single, mostly rod shaped particle, including highly intercon-

nected pores. They can be made of silica and organic polymers, of which the latter 

are especially convenient for the separation of high molecular weight compounds like 

proteins and peptides [89, 90]. PS-DVB based monoliths were the first ones to be 

used in RP-HPLC. Because of their high chemical stability at pH range from 1 to 14 

[88] and good analytical properties, they are widely used [91-93].  Moreover, metha-

crylate based monoliths are popular because of their short polymerization time and 

simple surface modification [88]. 

Due to the absence of mesopores [94], mass transfer in organic monoliths is driven 

mainly by convection rather than diffusion [88], yielding lower peak dispersion and 

back pressure at high flow rates. They show improved mass transfer rates and peak 

capacity [95]. Beyond that, monolithic columns are easy to fabricate and do not re-

quire retaining frits [88]. 
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A further alternative to classical totally porous particles are core-shell particles. They 

are made of a solid core which is surrounded by a shell made of porous material [96]. 

Core-shell particles were introduced in the late 60's by Horvath and coworkers [97]. 

Columns packed with core-shell particles provide improved mass transfer kinetics 

and thus allow faster separation especially for macromolecules, compared to classic-

al fully porous beads of the same size [96], [98]. 

Proteomic samples pose a special challenge to HPLC systems, because usually they 

are present in minute concentrations only. Therefore the system should be miniatu-

rized in order to achieve low sample dilution and low flow rates compared to conven-

tional HPLC [99]. For increased sensitivity, the inner diameter (ID) of the separation 

columns are reduced, allowing detection of proteins in the attomole and sometimes 

zeptomole range [100]. When working with miniaturized systems, it is crucial to avoid 

void volume and any dispersion effects from capillaries, detectors and switching 

valves as well as memory effects [101, 102]. 

1.4  Mass Spectrometry 

Following the separation of peptides or proteins, the detection via MS is the tech-

nique of choice in virtually every proteomic experiment. A mass spectrometer basical-

ly consists of an ion source, a mass analyzer, which separates the ions according to 

their mass to charge ratio (m/z) in the gas phase and a detector, which counts the 

ions hitting the detector plate at a given time 

1.4.1. Ionization 

Ionization is the first step in a mass spectrometric analysis, bringing the analyte mo-

lecules in the gas phase and adding one or more positive or negative charges. Clas-

sical ionization methods like electron impact ionization often lead to breakage of co-

valent bonds. Therefore, MS analysis of proteins is only possible since the 1980’s, 

when soft ionization techniques like fast atom bombardment (FAB) and matrix as-

sisted laser desorption-ionisation (MALDI) were introduced, enabling the ionization of 

non-volatile, heat-unstable proteins and peptides. 
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1.4.1.1. Matrix Assisted Laser Desorption-Ionisatio n 

In MALDI, the sample is mixed with a matrix of organic molecules, which is usually 

dissolved in a mixture of water and organic solvent, and afterwards spotted onto a 

MALDI plate. Certain features are required for a substance to be used as a matrix for 

MALDI. It has to be water soluble, absorb ultra violet (UV) or IR irradiation at a given 

wavelength of the laser [103], and it has to be volatile so to evaporate under laser 

irradiation. Common matrices used for protein analyses are dihydroxybenzoic acid 

[104], 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid) [105, 106], 4-hydroxy-3-

methoxycinnamic acid (ferulic acid) [105, 106], and α-Cyano-4-hydroxycinnamic acid 

[107]. Alternatively, liquid ionic matrices (LIM), like nitrobenzylalcohol and nitropheny-

loctlyether are in use [108], but have not established yet. After letting the solution dry, 

the crystallized matrix containing the sample molecules is targeted by pulsed laser 

irradiation. Usually, nitrogen lasers with a wavelength of 337 nm and neodymium-

doped yttrium aluminum garnet (YAG) lasers with a wavelength of 266 or 355 nm 

respectively are used [109]. Less commonly used are IR lasers. The energy originat-

ing from the laser irradiation is absorbed by the matrix molecules, leading to fast 

evaporation and desorption of matrix and analyte molecules and the formation of a 

plume in which the sample molecules become ionized [110]. The exact mechanism of 

sample ionization in MALDI, however, is not yet fully understood. One model tries to 

explain the ionization process within a photo excitation model, where neutral analyte 

molecules are incorporated into the matrix. The laser irradiation leads to a photoioni-

zation of the matrix molecules, which in turn will ionize the analyte molecules [111, 

112]. For the so called "lucky survivor" model, it is assumed that the analytes in the 

matrix exist as ions. Following a laser pulse, clusters consisting of matrix and analyte 

molecules are formed, and the analytes get neutralized. The analyte ions are the 

"survivors" of this process [113]. Generally, MALDI yields mostly single positive 

charged ions. 

Advantages of MALDI are the high sensitivity, which goes into the low femtomole 

range and the high mass range up to 300.000 m/z. The fact that mainly single 

charged cations are produced facilitates the analysis of complex mixtures. The limita-

tions are the low resolution of MALDI MS in the high m/z ranges over 15.000 as well 

as high background ions in the range below 700 Da. 
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1.4.1.2. Electro Spray Ionization 

ESI is an alternative way of ionization, frequently used for peptides. In ESI, the ana-

lyte solution flows through a capillary, on top of which an electric potential of about 2-

3 kV is applied. The resulting electric field between the spray capillary and the en-

trance capillary to the MS leads to a polarization of the solvent, and to an accumula-

tion of positive ions near the surface of the meniscus. This causes the distortion of 

the meniscus into the so called Taylor cone [114, 115]. The tip of the Taylor cone 

emits a small jet of droplets of analyte solution [116], often assisted by a coaxial gas 

flow [117]. The droplets carry an excess of positive charged ions, mainly protons. The 

solvent of the droplets readily evaporates, generating even smaller droplets with a 

positive surface charge. At a certain droplet radius, the repulsion between the posi-

tive charges on the surface will overcome the surface tension. This condition is called 

Raleigh limit [119]. Droplets at the Raleigh limit disrupt into nanometer-sized droplets 

which are, through further evaporation, the source of completely desolvated gaseous 

analyte molecules [120-122]. 

Three different models exist for the transition of analytes into the gas phase, depend-

ing on size and shape of the molecule. Large, globular molecules like unfolded pro-

teins undergo the transition via evaporation of the surrounding solvent molecules of 

the droplet at the Raleigh limit. The positive charge contained in the solvent is trans-

ferred to the analyte molecule. This reaction is referred to as the charged residue 

model [123, 124]. When the protein exists in an unfolded state, e.g. because it is 

eluted in an acidic or hydrophobic mobile phase, it is ionized via the chain ejection 

model [125, 126]. The hydrophobic character of unfolded proteins makes it unfavora-

ble for them to reside within the droplet interior. Therefore it migrates to the droplet 

surface, where it is getting ejected stepwise. Analytes with low molecular mass (Mr), 

preexisting as an ion in the droplet, undertake the transition into the gas phase via 

the ion evaporation model, where the analyte gets ejected due to the electric field 

strength in the Raleigh droplet [121, 127]. 

For proteome analytics, ESI flow rates in the range of 100 to 300 nl/min are used 

[128]. This so called 'nano-ESI' has certain advantages like higher sensitivity and 

higher tolerance against buffer salts [129] as well as the compatibility to nano-LC. 
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A decisive benefit of ESI is the possibility of an on line coupling of the LC system to 

the MS. Furthermore, the presence of multiple charge states allows one to attain high 

mass accuracies. On the other hand, ESI shows a low tolerance against salts and 

detergents and requires high purity of the sample. 

1.4.2. Mass Analyzers 

After Ionization, the ions are separated in the mass analyzer according to their m/z 

ratio. One of the most widely spread mass analyzers used for MS is the quadrupole 

[130]. It consists of four parallel rod-shapes electrodes. The two opposing electrodes 

have the same potential. Between the neighboring electrodes a radio frequency (RF) 

voltage is applied, superimposed by a direct current (DC) voltage. In the resulting 

electrical field ions will move in certain trajectories trough the quadrupole. Only ions 

with certain m/z ratios have stable trajectories at a given electrical field while the oth-

ers collide with the electrodes and get discharged. Quadrupoles have a limited mass 

range and rather low resolving power, however, triple quadrupole instruments are 

used for MS/MS [131], where the central quadrupole serves as collision cell for frag-

mentation of selected precursor ions. The first and the third quadrupoles are operat-

ed either in a mass filtering mode, allowing only analytes with a certain m/z to pass 

though, or in a scanning mode, where the electrical field varies and analytes with var-

ious m/z ratios are allowed to pass over a certain time span.  

In quadrupole Ion traps [132, 133], an oscillating RF field keeps the ions in circular 

trajectories inside the trap rather than a movement through. Through manipulation of 

the electric field, ions get ejected. The trapped ions can be fragmented, e.g. by colli-

sion with inert gas atoms, allowing MSn operations. 

In Time-of-flight (TOF) [134, 135] analyzers, ions are accelerated in an electric field. 

The time, which is needed for the ions to move through a field free drift tube, is pro-

portional to the square root of the m/z ratio. The fact that ions of the same m/z ratio 

can enter the drift tube with different kinetic energies impairs the resolution of TOF 

analyzers, particularly when ionized by MALDI. This shortcoming has been solved 

with the introduction of a reflectron [136], which accelerates the ions backward ac-

cording to their kinetic energy, thus balancing the energy difference and achieving 

flight-time focusing. 
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The latest development in MS, frequently used for proteomics, is the Orbitrap mass 

analyzer [137, 138]. It consists of a spindle-shaped electrode surrounded by a barrel-

like outer electrode. In the electrostatic field formed by the two electrodes, ions move 

in both axial and radial trajectories around the inner electrode, while the force of at-

traction applied by the inner electrode is balanced by centrifugal forces. The oscilla-

tion frequency along the z-axis of an ion is inverse proportional to the square root of 

the ion's m/z ratio. With a resolution power up to 100.000 full width at half maximum 

(FWHM) and a mass accuracy of down to 0.2 ppm [139, 140], the Orbitrap mass ana-

lyzer is a powerful tool in proteomic MS. 

1.4.3. Tandem MS 

In tandem-MS, also referred to as MS2 or MSn, ions of a previously selected m/z ratio 

are fragmented, and the emerging fragments undergo another MS scan [141]. MS2 

leads to enhanced selectivity [141], and fragmentation patterns can reveal structural 

information of an analyte. In order to perform MS2 experiments, mass spectrometers 

which combine two or more mass analyzers, can be used. Common instruments for 

MS2 are the above mentioned triple quadrupole instrument, the LTQ Orbitrap, QqTOF 

[142, 143] as well as TOFTOF  instruments [144]. 

Methods for fragmentation of peptides include collision induced dissociation (CID) 

[145], where analyte ions collide with inert gas molecules, mostly helium, nitrogen or 

argon. The collision energy thereby leads to bond breakage. In electron capture dis-

sociation (ECD) [146, 147], multiply positive charged analytes are fragmented due to 

the reaction with a free electron in the gas phase. In electron transfer dissociation 

(ETD) [148, 149], electrons are transferred by collision with radical anions, leading to 

so called c- and /or z-ions. Like ECD, ETD requires multiple charged ions. Because 

labile groups like phosphates and sialic acids are not removed by ETD and ECD, 

these techniques are powerful tools for the study of certain PTMs, especially phos-

phorylation and glycosylation [150, 151]. 
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1.5  In Vitro Fertilization 

IVF is the major treatment for infertility in human reproductive medicine. Indications 

for IVF treatment are female infertility due to tubal disease, mainly caused by infec-

tion, inflammation and endometriosis, as well as male infertility caused by low sperm 

counts or low sperm quality. 

The IVF procedure is usually proceeded by ovarian hyperstimulation, where follicle 

stimulating hormone (FSH) is administered to stimulate the development of multiple 

ovarian follicles [152]. Final oocyte maturation is induced by application of human 

chorionic gonadotropin (hCG), followed by retrieval of the oocytes from the body. An 

oocyte is then incubated with previously prepared sperm cells for fertilization. In case 

of male infertility, intracytoplasmic sperm injection (ICSI) can be performed, where a 

single sperm cell is directly introduced into the oocyte using a glass-micropipette 

[153]. 

The embryo can be cultured either in artificial medium or on a cell layer extracted 

from the mother's uterus [154]. The time point of implantation varies, from six to eight 

cell stadium to blastocyst stadium [155], according to local laws. The number of im-

planted embryos is varied, depending on age, infertility status and local laws. Implan-

tation of two or more embryos increases the chance of pregnancy, but bears the risk 

of multiple pregnancy. 

1.5.1. Embryo Selection 

The evaluation of the quality of the embryo to be implanted is a crucial step in the IVF 

process. Up to date, the assessment of morphological criteria like cleavage rate and 

blastomere symmetry determined by microscopy [156] is still widely used. Besides, 

alternative techniques, like time-lapse microscopy [157] and gene expression profil-

ing [158] are emerging. Furthermore, the search for biomarkers, which allow a quali-

fication of an embryo using proteomic techniques are currently being explored by dif-

ferent groups [159-162]. 
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1.6  Objectives 

The aim of the study is to develop an automated online digestion system for the rapid 

analysis of the human embryo secretome. The goal is to use this method for bio-

marker discovery and, in future, to adapt it for routine testing of human embryo secre-

tome. This would provide an alternative method for the assessment of the viability of 

human embryos grown for implantation in the course of IVF. 

In the classical bottom up proteomic approach, the tryptic digestion of the sample 

proteins is the time-consuming bottleneck of every experiment, as it is usually done 

overnight, but at least needs several hours to be performed. In the field of IVF, the 

choice of an embryo for implantation is one of the crucial steps which has to be made 

shortly before implantation. Therefore, a fast analytical method is needed. 

Furthermore, the introduction of online digestion into bottom up proteomics would 

reduce the sample handling steps of an analysis, minimizing the risk of sample con-

tamination and increasing the robustness of the test system. Overall, the benefits of 

such an automated online digestion method could find many applications in the field 

of clinical proteomics, where fast and reliable protein identification of complex sam-

ples existing in minute amounts is necessary. 

This study concretely comprises of: 

• Determination of the optimal digestion conditions for the provided trypsin col-

umns 

• Adaptation of separation conditions to facilitate detection of peptides  

• Development of a LC system which meets the requirements of an automated 

digestion and enables rapid sample analysis 

• Comparison of the newly developed method with established proteomic me-

thods 
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2 Material & Methods 

2.1  Chemicals and Reagents 

Ammonium acetate Merck (Darmstadt, Germany) 

Calcium chloride Merck (Darmstadt, Germany) 

Urea Sigma Aldrich (Steinheim, Germany) 

Formic Acid (Emsure) Merck (Darmstadt, Germany) 

Acetic Acid (Emsure) Merck (Darmstadt, Germany) 

Trifluoroacetic Acid Sigma Aldrich (Steinheim, Germany) 

Ammonia solution, 25 % Merck (Darmstadt, Germany) 

Acetonitrile Sigma Aldrich (Steinheim, Germany) 

Methanol Merck (Darmstadt, Germany) 

Isopropanol Sigma Aldrich (Steinheim, Germany) 

Trifluoroethanol Alfa Aesar (Karlsruhe, Germany) 

Dithiothreitol Gerbu (Heidelberg, Germany) 

Iodoacetamide Sigma Aldrich (Steinheim, Germany) 

Triethylammonium bicarbonate (TEAB) Sigma-Fluka (Buchs, Switzerland) 

RapiGest  Waters (Milford, MA, USA) 

Trypsin (Sequencing grade, lyophilized) Promega (Madison, WI, USA) 

LTQ Velos ESI Positive Ion Calibration Solu-

tion Thermo scientific (Marietta, OH, USA) 

Complete Lysis-M protease inhibitor Roche (Mannheim, Germany) 

BSA Sigma Aldrich (Steinheim, Germany) 

Casein (from bovine milk) Sigma Aldrich (Steinheim, Germany) 

Ribonuclease A Sigma Aldrich (Steinheim, Germany) 

Ubiquitin (human, recombinant) Sigma Aldrich (Steinheim, Germany) 

Alcohol dehydrogenase (from yeast) Sigma Aldrich (Steinheim, Germany) 

Serotransferrin Sigma Aldrich (Steinheim, Germany) 

Lysozyme (from eggwhite) Sigma Aldrich (Steinheim, Germany) 

Carbonic anhydrase (from bovine erythro-

cytes) Sigma Aldrich (Steinheim, Germany) 
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2.1  Apparatuses and Instruments 

Directdetect infrared spectrometer Merck-Millipore (Darmstadt, Germany) 

Incubator Techne (Staffordshire, UK) 

LTQ Velos mass spectrometer Thermo Scientific (Waltham, MA, USA) 

Microcentrifuge VWR (Radnor, PA, USA) 

Sringe pump module 

ProtHispra consortium (Vienna, Austria; De-

brecen, Hungary; Moscow, Russia; 

Ajdovščina, Slovenia) 

Thermomixer Eppendorf (Hamburg, Germany) 

Ultimate Nano HPLC Dionex (Sunnyvale, CA, USA) 

Centrifugal filter units 30 kDa Millipore (Billerica, MA, USA) 

Valve switching device ProtHispra consortium (Vienna, Austria; De-

brecen, Hungary; Moscow, Russia; 

Ajdovščina, Slovenia) 
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2.2  Sample preparation 

2.2.1. Preparation of BSA samples 

To prepare the bovine serum albumin (BSA) samples for online digestion, 10 µl of a 

stock solution containing 10 mg/ml BSA, were mixed with 30 µl 8 M urea and 96 µl of 

50 mM triethylammonium bicarbonate (TEAB). 100 µl 10 mM DTT, dissolved in 50 

mM TEAB, were added and the sample was heated at 60 °C for 30 minutes. After 

allowing the sample to cool at room temperature for 10 minutes, 6 µl 500 mM IAA, 

dissolved in 50 mM TEAB, were added and the sample was incubated in the dark for 

30 minutes. Finally, 10 µl 10 mM DTT were added. The sample had a final concen-

tration of 6 pmol/µl BSA and 0.95 M urea.. If not stated otherwise, for online digestion 

experiments, the sample was diluted with digestion buffer to a concentration of 1 

pmol/µl, and 3 pmol were injected. For mixed protein samples, solutions of single 

proteins were made in a similar way and pooled afterwards. 

For in solution digestion, the sample was prepared as described above. Additionally, 

20 µl of trypsin reconstituted in the provided buffer, containing 2 µg of enzyme, was 

added. The sample was then incubated at 37 °C for 16 hours. To stop digestion, the 

sample was put on -20°C. 

2.2.2. Preparation of IVF samples 

From the samples received from the IVF clinic (about 70 µl), 40 µl were pipetted out 

instantly into 100 µl of protease inhibitor mix. The samples were pooled, so that me-

dia originated from seven embryos, all of them previously rated either viable or non-

viable, represent one sample. The samples were filtrated through a 30 kDa cutoff 

filter, followed by centrifugation at 14.000 rpm (11.000 g) with the microcentrifuge.  

The following three fractions were collected:  

• The "filtrate" or flow through fraction  

• The "concentrate" fraction was obtained by reversing the filter and centrifuga-

tion at 1.000 rpm for 2 minutes 

• The "eluate" was obtained by pipetting 15 µl of 50 mM TEAB each side of the 

filter membrane, followed by centrifugation of the reversed filter 
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Protein concentration has been quantified in each fraction using the Direct Detect® 

IR-spectrometer, measuring the band at 1600-1690 cm-1 corresponding to the C=O 

stretching vibration of the peptide bond. 2 µl of sample were applied for measure-

ments. 

 

2.3  Reversed Phase Separation 

2.3.1. Separation Conditions 

For reversed phase separation of peptides, C18 Acclaim Pepmap columns with an 

inner diameter of 75 µm, a length of 25 cm, a particle size of 3 µm and a pore size of 

100 Å were used. Samples were trapped in C18 trap columns of 300 µm inner di-

ameter, 5 mm length, using particles with 5 µm size and 100 Å pore size. 

A ternary mobile phase gradient was applied, consisting of the following eluent con-

stituents: 

• Eluent A: 5% ACN, 0.1% FA 

• Eluent B: 15% ACN, 15 % MeOH, 0.1% FA 

• Eluent C: 60% ACN, 30% MeOH, 10% TFA, 0.08% FA 

The time course of the gradient was varied, depending on the sample. For complex 

biological samples, a longer gradient was applied: 3% B from 0 to 48 min, 3% B to 

50% B from 48 to 160 min, 50% B to 60% B and from 0% C to 40% C from 160 to 

220 min, and from 40% C to 100 % C from 220 to 280 min. 100% B were run for 10 

min, and the column was equilibrated with 3% B for 15 min. 

BSA samples and protein mix samples were separated with a steeper gradient: For 

example 0 to 34 min 5% B, 5% - 100% B from 34 to 50 min and 0% to 100% C from 

50 to 60 min. Time of 100% C and afterwards 5% B was varied. The flow rate of the 

nanopump was set to 300 nl/min. 



 

2.3.2. LC Setup 

The initial LC system was operated by two pumps, a loading pump and a nanopump. 

It was set up in a way that the digested sample from the IMER gets

18 trap column. When switching valve (V) 2, the trap column gets reverse

the nanopump, delivering the trapped sample onto the separation column.

Figure 1: Scheme of the LC system for 

2.4  On Line- Digestion

Protein online digestion was performed on methacrylate

lized trypsin. The exact monolith properties, as well as the immobilization chemistry 

cannot be stated here due to patent reasons.

tem as depicted in Figure 1

discussion' section of this work.

2.5  Mass spectrometry

MS was carried out using 

nano-ESI at a flow rate of 300 

most abundant peaks of the MS

• Single charged ions were excluded

• Active exclusion settings were

exclusion list size 300, exclusion duration 30 seconds. 
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operated by two pumps, a loading pump and a nanopump. 

set up in a way that the digested sample from the IMER gets

18 trap column. When switching valve (V) 2, the trap column gets reverse

the nanopump, delivering the trapped sample onto the separation column.

of the LC system for online digestion 

Digestion  

digestion was performed on methacrylate monoliths carrying immob

. The exact monolith properties, as well as the immobilization chemistry 

cannot be stated here due to patent reasons. The IMER was included in th

1:. Parameters of digestion are subject of the 'results and 

discussion' section of this work. 

Mass spectrometry  

 a LTQ Velos linear ion trap. The sample was ionized by 

ESI at a flow rate of 300 nl/min. MS2 spectra were obtained by CID for the ten 

most abundant peaks of the MS1 scan. Following parameters were set for the MS:

Single charged ions were excluded 

settings were: Repeat count 1, repeat duration 30 seconds, 

exclusion list size 300, exclusion duration 30 seconds.  

operated by two pumps, a loading pump and a nanopump. 

set up in a way that the digested sample from the IMER gets trapped on a C-

18 trap column. When switching valve (V) 2, the trap column gets reverse-flushed by 

the nanopump, delivering the trapped sample onto the separation column. 

 

monoliths carrying immobi-

. The exact monolith properties, as well as the immobilization chemistry 

The IMER was included in the LC sys-

. Parameters of digestion are subject of the 'results and 

. The sample was ionized by 

by CID for the ten 

Following parameters were set for the MS:  

: Repeat count 1, repeat duration 30 seconds, 



38 
 

• CID with fragmentation energy of 20 eV 

• m/z range between 300 and 1800.  

2.6  Database Search 

Proteomic data processing and database search for the MS data was performed us-

ing the MASCOT software (Matrix Science Ltd., version 2.4). BSA and mixed protein 

samples samples were searched against the self-assembled Swissprot database, for 

biological samples the Swissprot human database was used in its most recent ver-

sion. Search parameters were set as following:  

• enzyme: trypsin,  

• max. missed cleavages: 2 

• peptide charge: +1, +2 and +3 

• peptide tolerance ± 0.8 Da  

• fixed modifications: carbamidomethyl on cysteine 

• variable modifications: oxidation on methionine 

If not stated otherwise, the following proteomic protein identification parameters were 

employed for data assessment of MS results: 

• MOWSE score:  

• Sequence coverage 

• Number of "significant sequences" (number of protein specific unique pep-

tides) 
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3 Results & Discussion 

3.1  Optimization of Separation Conditions for Reve rsed Phase 

HPLC 

For separation of both standard and biological samples, we applied a ternary gra-

dient with mobile phases containing ACN, MeOH, trifluoroethanol (TFE) and FA as 

ion pairing agent. Despite the fact that in most similar works published, a binary gra-

dient with ACN as organic solvent is used, we expected certain benefits from our elu-

ents. The combination of the aprotic solvent ACN with a protic solvent, MeOH, should 

provide higher selectivity. Furthermore, the use of the strong eluent TFE should help 

to reduce carryover effects coming from trap column and separation column. 

To ensure optimal separation of a digested protein sample, an experiment has been 

conducted in order to find the optimal gradient for peptide separation. Two and one 

pmol respectively of BSA overnight digest have been used and different mobile 

phase gradients have been compared Initially, the gradient has been set up starting 

with 5% mobile phase B, then rising from 5% to 100% B from 21 to 26 minutes (min), 

and finally getting from 0 to 100% C from 26 to 51 min. 
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Figure 2: Chromatogram showing the separation of 2 pmol BSA digest with the following gradient: 0 to 
21 min 5% B, 5% - 100% B from 21 to 26 min and 0% to 100% C from 26 to 51 min. 

From the chromatogram seen in figure 2 it is obvious that the given gradient does not 

provide satisfactory separation. The majority of peaks are found at retention times 

between 35 and 39 min. Considering the delay of the gradient from the pump to the 

UV detector of about seven minutes, the mobile phase C (60% ACN, 30% MeOH, 

10% TFA, 0.08% FA) is at very low percentages at these retention times.  
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Figure 3: Chromatogram showing the separation of 2 pmol BSA digest with the following gradient: 0 to 
34 min 5% B, 5% - 100% B from 34 to 50 min and 0% to 100% C from 50 to 60 min. 

For the experiment shown in figure 3, the gradient of mobile phase B was extended 

from five and six minutes respectively to 16 minutes while the gradient of mobile 

phase C had been reduced to only ten minutes. Compared to the mobile phase gra-

dient shown in figure 2, the separation is considerably better, suggesting that 100% B 

or 30% organic content already elutes the majority of tryptic BSA peptides. This ex-

periment points out that the delay time is one of the most critical factors when setting 

up an elution gradient program.  

In Figure 4, the UV-chromatogram of four sample-replicates using the gradient shown 

in Figure 3, is depicted. This figure shows the good reproducibility of the separation, 

which is crucial for the further experiments. 
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Figure 4: Chromatogram of four replicates using the newly developed gradient. 
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3.1  Optimization of Digestion Conditions 

3.1.1. Sample preparation for online digestion 

In order to improve the digestion efficiency, we have investigated whether the pres-

ence of certain detergents could support and improve the digestion process. For this 

purpose we chose Rapigest Surfactant, a commercially available detergent. Before 

using the substance for online digestion, it has been tested by adding it to a standard 

protocol offline digestion of BSA. 1 pmol of the resulting peptides was separated and 

analyzed by MS. The efficiency of digestion was addressed by the values of the pro-

tein identification parameters MOWSE score, sequence coverage and the number of 

significant sequences. 
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Sample Name  MOWSE score  Num. of sig. 
sequences  

Sequ. Cover-
age (%) 

1 pmol BSA 
peptides 1  831 27 45 

1 pmol BSA 
peptides 2  1178 26 49 

1 pmol BSA 
peptides 3  1138 28 56 

1 pmol BSA 
peptides 4  1139 31 56 

1 pmol BSA 
peptides ave-
rage  

1072 28 52 

1 pmol BSA 
peptides Ra-
piGest 1  

1491 29 53 

1 pmol BSA 
peptides Ra-
piGest 2  

1507 27 53 

1 pmol BSA 
peptides Ra-
piGest 3  

1797 34 60 

1 pmol BSA 
peptides Ra-
piGest 4  

1460 29 54 

1 pmol BSA 
peptides Ra-
piGest aver-
age 

1564 30 55 

 

Table 1: Impact of RapiGest in an offline digestion experiment. Four technical replicates were con-
ducted 

It can be seen that the detergent improves the digestion efficiency. One can conclude 

that the surfactant was effective in making the cleavage sites more assessable for 

the protease. The MOWSE score for the RapiGest treated samples was found to be 

45% higher when using RapiGest surfactant. Both the number of significant peptides 

and the overall sequence coverage are slightly higher (30 compared to 28 and 55 

compared to 52 respectively.  
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It has been tested as well whether the addition of RapiGest surfactant could aid in 

the process of online digestion. Comparison was made with urea treated and un-

treated samples, and samples treated with DTT and IAA only, in order to find out an 

appropriate sample preparation procedure for online digestion. 

 

Figure 5: Comparison of sample treatment prior to online digestion; (a) shows the MOWSE score, (b) 
the number of significant sequences and (c) the sequence coverage. Shown values are the average of 
four or, in the case of RapiGest, five technical replicates. Error bars illustrate the standard deviation. 

Unlike to the result from offline overnight digestion, the RapiGest treated samples 

give very low MOWSE scores, lower even than the untreated BSA samples. The 

same is true for the number of significant sequences as well as the overall sequence 

coverage. While working well in the classical overnight approach, the RapiGest sur-

factant somehow interferes with the process of online digestion. Urea seems to be 

the best choice for this purpose, even though the results for the samples treated with 

urea are insignificantly better compared to samples treated with IAA and DTT solely. 
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3.1.2. Optimizing the pH for digestion 

The aim of the process is finding a compromise for the different needs of online di-

gestion on the IMER and the subsequent trapping process on C-18 pre-columns. For 

trapping and separating on a silica-based C-18 column, the pH has to be below 8 

[87] to prevent hydrolysis of the silica groups. It is in fact considerably lower due to 

the addition of organic acids, mainly TFA [78]. Trypsin activity, on the other hand, has 

an activity maximum between pH 7.5 and 8.5. 

In an initial experiment, the impact of different pH values was evaluated using 300 

pmol of a mixture of six proteins. 

 

Figure 6: Chromatogram showing impact of pH value on online digestion: (1) pH 6, (2) pH 7.5 

This experiment shows that while pH 7.5 is already high enough to provide sufficient 

trypsin activity, it is also adequate for trapping the sample in the pre-column. At pH 6 

however, the enzyme activity has decreased considerably. The large group of peaks 

at 79 min is presumed to be poorly digested protein. 
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3.1.3. Choice of digestion buffers 

3.1.3.1. Role of buffer ions and pH 

TEAB, which is used as a standard buffer for overnight trypsin digestion, is compared 

against ammonium acetate. Both buffers are 50 mM in concentration and the pH was 

adjusted to 7.8. Three pmol of BSA had been injected per run. 

 

 

Figure 7: MS results comparing 50 mM ammonium acetate to 50 mM TEAB as digestion solution. 

Considering the MS based proteomic identification parameters, there is a substantial 

difference between the results obtained with TEAB and ammonium acetate, apparent 

in all parameters. The average MOWSE score of the ammonium acetate samples is 

599 compared to only 148 in the samples dissolved in TEAB. Also the sequence 

coverage (32%) and the number of significant sequences (15.7) were considerably 

higher than the respective values in the TEAB-samples (14% and 6.7 respectively). 

Despite being a widely used buffer for classical trypsin digestion, TEAB seems to 

interfere with one or the other steps within the process of online digestion. Despite of 

the fact that ammonium acetate is actually not buffering at pH 7.8, it is preferred over 
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TEAB because of its compatibility both with trypsin activity and ESI MS. Its buffer ac-

tion is not crucial in the system used. 

3.1.3.2. Role of ACN 

Several groups report that the addition of organic solvents can lead to an increase in 

trypsin activity [42,163]. We also speculated that organic solvent components might 

reduce the unspecific attachment of proteins and peptides in the IMER, thus leading 

to a decrease of carry over effects. On the other hand, organic solvent components 

bring the risk of protein precipitation. We conducted the first experiments using 2% 

ACN as organic component in the digestion solution. Only a small amount of ACN 

was utilized initially because of the possibility of affecting the trapping capacity of the 

pre-column when using a higher organic content. Besides, the pH was adjusted to 

8.5, which lies in the buffering range of ammonium acetate, to test whether the higher 

pH could improve digestion activity of the enzyme without reducing the trapping ca-

pacity of the pre-column. 

These new digestion conditions were applied to a mixture of nine different proteins of 

different concentrations. 
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Protein  Molecular 
mass  

Injected 
amount 
(pmol)  

MOWSE 
Score  

Num. of 
sign. se-
quences  

Sequence 
coverage 

(%) 

Sero-
transferrin  75 kDa 5.00 837.0 25.5 44 

BSA  66 kDa 4.87 535.0 18.0 36.5 

lysozyme  14.3 kDa 5.19 197.5 5.5 44 

ribonuclease-
A 13.7 kDa 2.55 292.5 4.0 52 

ADH 147 kDa 0.49 187.0 6.0 20.5 

carbonic an-
hydrase  29 kDa 0.41 72.5 2.0 7.5 

cytochrome C  12 kDa 0.50 54.5 1.0 15.5 

β-casein  24.5 kDa 0.49 53.0 1.0 2.5 

ubiquitin  8.5 kDa 0.51 0 0 0 

Table 2: Proteomic identification parameters for nine proteins present in a mixture. The positive identi-
fication threshold value for the MOWSE score is 40. 

The different proteins had a concentration range of one order of magnitude, and as 

expected, the higher concentrated ones received higher MOWSE scores and more 

significant peptides were detected. Ubiquitin, present in the sample solution in a 

small concentration only, could not be identified. It is the smallest protein in the 

sample and thus it has the fewest number of potential peptides. This and the fact that 

three proteins are close to the threshold MOWSE score of 40, shows that the 

sensitivity and dynamic range of the method is still to be increased. 

In order to be able to increase the pH without damaging the trap column, a T-piece 

has been introduced after the IMER, so that the digestion solution could be mixed 

with 0.1% TFA and the pH of the digestion solution was decreased after the IMER in 

order to ensure an optimal pH for operating the trap column. Furthermore, this proce-

dure allowed us to increase the ACN content to 10% without allowing too high a con-

centration of organic solvent to reach the trap column. 
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The next experiment was conducted in order to determine the impact of different 

ACN concentrations in the digestion solution. Slysz and Schriemer showed that or-

ganic solvent concentration of up to 45% can yield good results for online digestion 

[165]. Besides, ACN was compared to methanol regarding its ability to augment the 

digestion process. The digestion solutions were mixed with 0.1% TFA after the IMER, 

and the flow rate was varied so that the same solution reaching the trap column 

would have an ACN content of 2.5%. The digestion time was set accordingly. Diges-

tion buffer containing 20% ACN was also run at 4 µl/min in order to determine the 

impact of the flow rate in this experiment. The overall flow rate when reaching the 

trap column was 20 µl/min in every experiment. 

 

Sample  MOWSE score  Num. of signifi-
cant sequences  

Sequence  
 Coverage (%)  

10% ACN  
4 µl/min sample  925 24 49 

10% ACN  
4 µl/min blank  282 8 16 

15% ACN 3 
 µl/min sample  1291 24 44 

15% ACN  
3 µl/min blank  411 10 24 

20% ACN  
4 µl/min sample  1241 17 34 

20% ACN  
4 µl/min blank  516 9 22 

20% ACN  
2 µl/min sample  1466 20 42 

20% ACN  
2 µl/min blank  300 6 12 

Table 3: Different amounts of organic solvent in the digestion solution have an impact on the digestion 
efficiency. Numbers shown are the average form four runs for every condition. 
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Apparently, the data show that higher concentrations of ACN do slightly improve the 

digestion efficiency of the IMER at given conditions. This is not unexpected, as pro-

teins tend to unfold in presence of organic solvents, exposing their cleavage sites. 

Under both conditions i.e., 15 and 20% ACN, higher scores are achieved than with 

10% ACN. When comparing the conditions with 20% ACN and different flow rates, 

one sees that at the lower flow rate the result is better considering both sample and 

carry-over score. The ratio of sample score compared to blank score is only 20% at 2 

µl/min compared to 42% at 4 µl/min. The impact of different digestion flow rates will 

be addressed in depth later. This experiment also shows that 5% ACN does not de-

crease the ability of the trap column to bind the peptides arriving from the IMER. The 

use of 10% methanol instead of 10% ACN has brought no improvements, and no 

further experiments using higher methanol concentrations have been conducted be-

cause of the high viscosity of methanol/water mixtures and the resulting high system 

backpressure. 
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3.1.3.1.  Role of Urea 

It has been reported that the addition of chaotropic reagents, especially urea, can 

improve digestion efficiency in IMERs [164] and therefore urea was added to the di-

gestion buffer in a concentration of 2 M. The concentration of ammonium acetate was 

increased to 100 mM, to amplify the buffering capacity of the digestion solution. 

 

 

Figure 8: RP-UV Chromatograms of 5 pmol BSA with different digestion buffers: (1-3): 100 mM am-
monium acetate, 2 M urea, 10% ACN, pH 8.5, three technical replicates; (4-6)50 mM ammonium ace-
tate, 2% ACN, pH 8.5, three technical replicates.  
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Figure 9: Comparison of the blanks of modified digestion buffer: (1-3): 100 mM ammonium acetate, 2 
M urea, 10% ACN, pH 8.5; (4-6)50 mM ammonium acetate, 2% ACN, pH 8.5) 
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Figure 10: Protein identification parameters of 5 pmol BSA with modified digestion buffer (buffer 1; 100 
mM ammonium acetate, 2 M urea, 10% ACN, pH 8.5; 1-3) compared to previously used digestion 
buffer (digestion buffer 2; 50 mM ammonium acetate, 2% ACN, pH 8.5). The values are the average of 
three technical replicates. 

The UV chromatograms of the samples, seen in figure 8, show more peaks with the 

urea containing buffer, and very few minor peaks can be seen in the blanks without 

urea but not in the blanks with urea. Surprisingly, the MS data show that the digestion 

efficiency seems to be higher when the 50mM ammonium acetate buffer without urea 

had been used. The average MOWSE score of these samples is 1149 compared to 

875 in the 100 mM ammonium acetate buffer containing urea. On the other hand, the 

MOWSE scores of the blanks with the urea buffer are considerably lower with 217 in 

average, representing 25% of the average sample score. The blank scores of the 

non-urea buffer average 466, representing 40% of the average sample score. Consi-

dering the data of these two different conditions, there seems to be a compromise to 

be made between IMER activity and carryover effect, taking into account that the car-

ry over effect is increasing to a higher degree than the IMER efficiency. 
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In the next experiment, based on the digestion buffer containing 100 mM ammonium 

acetate, 2 M urea, 10% ACN, pH 8.5, the urea has been omitted and compared to 

the digestion solution containing 50 mM ammonium acetate and 2% ACN. 

    

Figure 11: Proteomic identification parameters showing the impact of urea content in the digestion 
buffer. The blank runs are made with buffer injections instead of samples. The values are the average 
of three technical replicates. 

Regarding the UV spectra, peaks are somewhat higher in the samples without urea, 

whereas the blanks cannot be distinguished. Using the MOWSE score as criteria for 
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gested without urea. The blanks after a sample with the urea buffer also performed 

better in terms of carry over, having an average score of only 117 or 12% of the 

sample score respectively, compared to a score of 270 or 43% of the average sam-

ple score. The higher digestion efficiency of the buffer containing urea can be un-

derstood by the chaotropic nature of urea which causes the protein being denatured 

and thus it adopts an extended conformation and exposing the cleavage sites to the 

protease. By enhancing protein solubility, urea also seems to minimize the attach-
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probable that the digestion efficiency of the IMER could still be increased using even 

higher urea concentrations. It has been reported that immobilized trypsin remains 

active even at urea concentrations of up to 8 M. However, a digestion solution con-

taining 2 M urea already causes problems by crystallization in capillary systems and 

blocking the LC tubings. Thus we have refrained from using digestion solutions with 

higher concentrations of urea. 

The digestion conditions established so far were applied on a six protein mix of 

equimolar concentration, consisting of BSA, ribonuclease A, cytochrome C, ubiquitin, 

lysozyme and carbonic anhydrase. Of the sample solution 15 and 100 pmol/µl of 

overall protein was injected, according to a concentration of 2.5 and 16.67 pmol re-

spectively per single protein.  

  15 pmol      100 pmol      

Identified 
protein  

MOWSE 
score  

Nr. of sig. 
Peptides  

Percentage 
of positive 
identifica-
tion in rep-
licates  

MOWSE 
score  

Nr. of sig. 
Peptides  

Percentage 
of positive 
identifica-
tion in rep-
licates  

BSA 142.00 3.00 4/4 166.33 4.33 3/4 

RNAS 237.00 2.50 4/4 475.75 5.00 4/4 

CYC 166.25 3.25 4/4 215.25 4.00 4/4 

UBIQ 56.75 1.25 4/4 159.50 2.75 4/4 

LYSC 71.00 1.00 2/4 ----- ----- 0/4 

CAH ----- ----- 0/4 58.33 1.00 3/4 

Table 4: Proteomic identification parameters of the digestion of 15 and 100 pmol of a six protein mix-
ture, showing the average of four runs per injection volume 

With both injection amounts, one protein could not be identified; carbonic anhydrase 

in the 15 pmol injection and lysozyme in the 100 pmol injection. Altogether, the re-

sults of the 100 pmol injections did not exceed the results of the 15 pmol injections to 

the expected rate. 

  



57 
 

3.1.4. Influence of digestion temperature 

Protein digestion using trypsin is usually conducted at 37°C resembling physiological 

conditions. However, it has been reported that trypsin activity can be, under certain 

circumstances, increased to 60°C or even 72°C [166]. Therefore, we investigated the 

influence of an increase in digestion temperature to 60°C compared to 37°C. To con-

serve the immobilized trypsin from denaturation at 60°C, CaCl2 was added to the buf-

fer to a concentration of 20 mM. CaCl2 is reported to protect the enzyme at higher 

temperatures and also to increase its activity [167]. As a control, CaCl2 containing 

buffer was also used at 37°C. 

 

Figure 12: Comparison proteomic identification parameters of digestion temperatures.  

The IMER has shown to have a much higher activity at 37°C compared to 60°C ac-

cording to this experiment. CaCl2 seems to have a negative impact on the activity, as 

the average score is considerably lower as to when no CaCl2 is used. 
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3.2  Influence of flow rate on IMER activity 

Digestion time is one of the decisive parameters in tryptic digestion experiments. In 

standard digestion protocols, it varies between two and 24 hours. For digestion in an 

IMER, less time is needed than for in solution digestion because of the much higher 

enzyme to sample ratio. It has been reported that reaction times of as low as a few 

seconds can already be sufficient to provide acceptable digestion of the sample [42]. 

The linear flow rate through the IMER is the parameter with which the digestion time 

in our system can be controlled. This linear flow rate depends on the volume flow rate 

(µl/sec) and the inner diameter of the monolithic IMER-bed. Two different aspects 

exist concerning the impact of flow rate on online digestion efficiency. On one hand, 

lower flow rates provide longer digestion times, on the other hand, higher mass trans-

fer rate of enzyme-substrate complexes when using a higher flow rate, are supposed 

to enhance enzyme-substrate complex formation [168]. 

To investigate the effect of flow rate and thus digestion time on digestion efficiency, 3 

pmol of reduced and alkylated BSA were applied on the IMER operated under differ-

ent flow rates, and the protein identification parameters were compared. Based on a 

supposed IMER volume of 100 µl, the flow rates of 10 µl/min, 7 µl/min and 4 µl/min 

correspond to a digestion time of 10 minutes, 14 minutes and 25 minutes respective-

ly. 
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Figure 13: Effect of different flow rates/digestion time intervals on digestion efficiency 

We anticipated that lower flow rates would enhance digestion efficiency due to longer 

contact between substrate and enzyme. In fact, with lower flow rates corresponding 

to digestion times of 14 minutes and below, slightly higher MOWSE scores and a 

higher number significant sequences were found. Overall, the effects were small and 

when using the higher digestion times than 14 minutes, no benefit was seen. 
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3.3 Minimizing Carry-over Effects 

3.3.1. The sources of carryover 

First the sources of carryover effects in the LC system independent of the IMER were 

investigated, using already digested BSA. Two different kinds of blank runs wre per-

formed: one with injection of buffer and another without injection, circumventing the 

injection system of the autosampler.  The blanks without injection were run through 

the separation column only and through the separation column and blank column. 

Blanks with buffer injection were run through the separation column and the trap col-

umn. 

SAMPLE  MOWSE 
score  

Num. of 
significant 
sequences  

Sequ. Cov-
erage (%)  

1 pmol BSA peptides replicate 1  2602 34 60% 

Blank separation column only (no 
injection)  181 7 14% 

1 pmol BSA peptides replicate 2  1953 33 56% 

Blank separation column + trap 
column (no injection)  192 7 16% 

1 pmol BSA peptides replicate 3  2272 33 54% 

Blank separation column + trap 
column + autosampler  516 17 39% 

1 pmol BSA peptides replicate 4  2347 37 59% 

Blank separation column (no in-
jection)  291 8 15% 

Table 5: Protein identification parameters in dependence on the accessibility of the incremented sub-
systems in order to locate the source of carryover when separating tryptic peptides from BSA 
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The MOWSE-score of the blank run accessing the separation column only averages 

181, compared to 192 when the trap column was included. The trap column therefore 

appears to have no memory effect and the separation column is a minor source of 

carry over. When looking at the score of the blank including the injection device, i.e. 

516, it is obvious that the autosampler is the major source of carryover in the system 

without IMER. 

The purpose of the following experiment was to determine the nature of the carryov-

er. In order to achieve this goal, samples of pre-digested BSA were run through the 

IMER, and the blanks were analyzed and then compared to our standard approach 

with protein sample. 3 pmol of both peptides and proteins were injected. To ensure 

that no carryover from previous experiments was measured, a new IMER was used. 

 

Figure 14: Carry over effects resulting from the IMER measured for pre-digested peptide samples and 
protein samples. Results constitute the average value of four technical replicates 

The average blank score of the peptide samples is 32, being only 4.7% of the sample 

score, averaging 679. The blank score of the protein sample, on the other hand, av-

erages 152 which are 24.6% of the overall sample score, 617. While achieving simi-

lar MOWSE scores with protein and blank samples, showing that online digestion is 

just as effective as the overnight approach, the carryover effect is obviously higher 
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with the protein samples. This finding supports the conclusion that most of the car-

ryover is actually caused by proteins rather than peptides. This is supported also by 

the average number of peptides found, which is 5 for the protein samples and 1 for 

the peptide samples. If this conclusion is true, it would imply that the carryover could 

be reduced by further increasing the digestion efficiency as well as preventing ad-

sorption of proteins on surfaces of the chromatographic system in front of the IMER 

or within the IMER. 

3.3.2. Reducing Memory Effects 

 

For finding appropriate washing conditions, an experiment has been conducted to 

compare the effect of washing the IMER with 2 M ammonium acetate solution, pH 4.8 

to organic solvent consisting of 50% ACN; 30 % methanol and 20 % TFE. 

 

 

Figure 15: The chromatograms of the blanks from organic wash step (1-3) and salt wash step (4-6) 
compared. 
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Figure 16: Proteomic identification parameters comparing the effectiveness of organic (wash solution 
1; 50% ACN; 30 % MeOH, 20 % TFE) and salt wash solution (wash solution 2; 2 M ammonium ace-
tate, pH 4.8) regarding the reduction of the memory effects. Results give average values of three 
technical replicates) 

The outcome of the experiment suggests that neither washing with the chosen organ-

ic phase nor with salt solution could improve the carry over issue. The MOWSE score 

of the blanks obtained when the IMER was washed with organic solvent averages 

407 or 49% of the average sample score compared to 471 or 47% respectively when 

ammonium acetate solution was used. 

For testing our hypothesis that an improvement in digestion efficiency would enhance 

the carry-over behavior of the system, we investigated the issue at a later state of the 

experiment. To wash the IMER, only digestion solution (100 mM ammonium acetate, 

2 M urea, 10% ACN, pH 8.5) was used.  
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Figure 17: UV chromatograms of 3 pmol BSA online digest of four technical replicates 

 

Figure 18: Blanks of 3 pmol BSA samples 
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Figure 19: Mascot results of 3 pmol BSA samples and blanks when washing IMER with urea contain-
ing solution (equal to the digestion solution) 

The average MOWSE score of the blanks represents 321 or 30% of the sample 

score which is 1081. When comparing to the previous experiment, the carryover ef-

fect is less pronounced, while the digestion efficiency has strongly increased. 3 pmol 

give a slightly higher MOWSE score than the previously used 12 pmol (1083 com-

pared to 912), whereas the blank score is lower (312 or 30% compared to 471 or 

47% with salt washing step and 407 or 49% with the organic washing step respec-

tively). 
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3.4  Dynamic Range 

The ability of the system to detect low abundant proteins was tested, using a mixture 

of eight proteins. In this mixture, the most abundant protein is about 4000 times more 

concentrated compared to the least abundant, constituting a dynamic range of three 

orders of magnitude. In a first step, an equimolar mixture of the proteins has been 

tested. 

 

CAH β-
Casein  Cyt C  Lyso-

zyme  Sero-TF  RNAse  ADH BSA  

Molecular 
mass  

29 kDa 25 kDa 12 kDa 14.3 
kDa 75 kDa 13.7 

kDa 
145 
kDa 66 kDa 

Injected 
Amount 
(pmol)  

10,91 13,13 13,37 17,23 13,43 13,82 13,13 13,09 

Number of 
sig.Sequen
ces  

14 5 5 6 50 5 18 42 

Sequence 
Coverage 
(%) 

68 32 44 57 71 53 58 69 

Table 6:  Results of online digestion of an eight protein mix with equimolar concentration; values for 
sequence coverage and number of significant sequences are the average of three replicates 

As shown in table 6, when injecting about 10 pmol per protein, all the different pro-

teins could be identified with satisfactory sequence coverage. To address the issue of 

unequal amounts present, a mixture of the same proteins was tested, with injection 

amount varied between 0.02 and 85 pmol. 
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CAH β-
Casein  Cyt C  Lyso-

zyme  Sero-TF  RNAse  ADH BSA  

Molecular 
mass  

29 kDa 25 kDa 12 kDa 
14.3 
kDa 75 kDa 

13.7 
kDa 

145 
kDa 66 kDa 

Injected 
Amount 
(pmol)  

0,02 0,09 0,17 6,32 2,67 7,79 0,07 84,75 

Number of 
sig.Sequenc
es 

----- ----- ----- 3 29 5 9 64 

Sequence 
Coverage 
(%) 

----- ----- ----- 30 52 53 34 83 

Table 7: Results of online digestion of an eight protein covering different protein concentrations; val-
ues for sequence coverage and number of significant sequences are the average of three replicates 

The results of this experiment show that the method is not yet sensitive enough to 

cope with protein amounts below 1 pmol. In presence of high amounts of BSA, low 

abundant proteins with a concentration of 1:500 of BSA and lower are not detected. 

An exception is ADH, which was actually found at a concentration of about 1:1200 

compared to BSA. This may be due to the fact that ADH (Mr ~ 145 kDa) is a rather 

large protein, yielding more tryptic peptides when digested compared to carbonic an-

hydrase (29 kDa), β-casein (25 kDa) and cytochrome C (12 kDa). Considering the 

fact that a high dynamic range in concentration is a key feature of clinical proteomic 

samples, the method needs to be improved in this respect. 
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3.5  Improvement of the LC Setup 

The ultimate purpose of our LC-system is the fast, high throughput analysis of biolog-

ical samples. In order to achieve this goal, we set up the instrument in a way which 

allows us to use two alternative IMERs, and two separation columns, each of which 

had a trap column connected upstream, as is depicted in Figure 20. In total, seven 

switching valves were implemented in the system. V1 was part of the autosampler 

unit. Via V2 the two IMERs could be used alternatively.V3 was used to con-

nect/disconnect the IMER with the subsequent trapping and separating system. A T-

piece is connected to V3, by which a 0.1% TFA solution is added to the digested 

sample by means of an additional pump. By V4, the sample was distributed to the 

two separate separation units. Using two separate nanopumps, it was possible to use 

the trap column and separation column connected to V5a to separate the sample, 

while the columns connected to V5b were equilibrated at the same time and vice ver-

sa. V6 was used to alternatively connect the digestion units 1 and 2 with the UV-

detector and the MS. 

Doing so, we were able to reduce the run time significantly and at the same time en-

hance the equilibration time for the trap columns and separation columns. 
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Figure 20: LC setup including two IMERs, two trap columns operated in back-flush mode and two se-
paration columns in parallel. 
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3.6  Evaluation of the system setup by analyzing bi ological 

samples 

3.6.1. Urine Samples 

In order to test the system setup and the developed method for its suitability to ana-

lyse clinical samples, we compared its outcome to that of a classical offline approach 

using urine samples from cancer patients. Samples of 20µl were injected twice with 

an amount of 12 µg of protein for each run. The two approaches were performed on 

different LC-MS systems, so this variability should be considered when comparing 

the results. The purpose of this experiment was rather to get a first impression of the 

capability of our method. 

 

Figure 21: Number of proteins found in a urine sample with at least two identified peptides using online 
and offline digestion respectively. 

Whereas 122 proteins could be found in the overnight digestion approach, 56 were 

identified in the on line digestion experiment. We conclude that digestion efficiency in 

the IMER and the sensitivity of the method still has to be enhanced in order to be-

come competitive with the overnight digestion approach. Comparing the nature of the 

proteins detected, one sees that they are mostly congruent, since there are only eight 

proteins found solely by the online digest approach. 
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3.6.2. IVF Samples 

In the initial experiment performed with IVF samples, four samples were analyzed. 

They were diluted to a total protein concentration of approximately 1 µg/µl. A volume 

of 6 µl, corresponding to about 6 µg of protein was injected for the online as well as 

the offline approach. The eluate fraction was not analyzed because no protein was 

found in the sample. The pre-digested samples were analyzed the same way as the 

undigested sample, with the exception that the sample was bypassing the IMER.

Figure 22: Venn diagram comparing online and offline results of the filtrate fraction of four samples. 

The numbers illustrate the count of proteins identified with two or more peptides

Figure 23: Venn diagram comparing online and offline results of the concentrate fraction of four tech-

nical replicates. The numbers illustrate the numbers of proteins identified with two or more peptides 
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Figure 24: Total ion chromatogram of an online digest run of the concentrate fraction 

In this instance, when using online digestion, the number of identified proteins was 

higher for both, concentrate and filtrate fraction. This is illustrated by the Venn dia-

grams in figure 22 and 23 which are based on four technical replicates. The data in-

dicates that both methods could identify more or less the same proteins, with the ex-

ception of two proteins being identified with the online digestion only. The filtrate frac-

tion, on the other hand, shows a different picture. Twice as many proteins were iden-

tified with the online method. Therefore we took a closer look at the single runs of the 

technical replicates, shown in figure 25. 
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Figure 25: Venn diagrams showing the comparison of the single samples of the filtrate fraction. 

While the number of proteins identified offline is constant, with online digestion the 

number shows a strong variation. While ten and eleven proteins were found in the 

first two samples, 25 and 26 respectively were identified in sample three and four. 

These discrepancies were not observed for the concentrate fraction. Excluding the 

possibility of variation within the sample, these findings are assumed to be caused by 

variations in the analytical method. 

Considering the outcome of the concentrate fraction, the online digestion has shown 

to be on par with the overnight digestion approach. This of course has to be proven 

on a sound statistical basis, for which a great number of comparative runs are 

needed. 
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