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Summary 

While DNA provides the blueprint, proteins represent the functional and biologically 

active units of a cell. As such the proteome is our closest proxy to the phenotype, and 

can give important insights into cellular function and disease pathology. Although other 

approaches exist, mass spectrometry (MS) based proteomics remains the method of 

choice for fast, sensitive, quantitative, and high-throughput analysis of proteins. Over 

the years, MS-based proteomics has seen great advancements and now enables the 

routine analysis of thousands of clinical samples, near full proteomes and even single 

cells. A key factor in these advancements are innovations in MS technology that enable 

the instruments to push the boundaries of sensitivity, resolution, and acquisition speed. 

In this thesis I therefore first focus on evaluating MS technologies and optimizing MS 

acquisition strategies to expand the usability of MS instruments, and second to apply 

them to clinical and spatial proteomics. 

 

Across the MS workflow, one can greatly improve performance by implementing novel 

technology, optimizing acquisition strategies and improving data analysis. In a first 

project, I evaluated the full mass range application of ΦSDM, a computational alternative 

to standard MS signal processing. By providing a two-fold increase in resolution or 

acquisition speed, as well as greatly improving signal-to-noise ratio, I showed that 

ΦSDM could be a useful addition to extend the potential of existing Orbitrap mass 

spectrometers for a wide range of proteomics applications. I then optimized a high-

throughput acquisition strategy for plasma proteomics on a state-of-the-art LC/MS 

setup, which we applied to studying the effects of muscle loss in individuals undergoing 

bedrest in a study funded by the Italian Space Agency. While follow up is needed, the 

study identifies a potential biomarker candidate associated with muscle maintenance. 

To fully make use of the data obtained with state-of-the-art MS instruments and ever 

more complex data acquisition strategies, I contributed to benchmarking AlphaDIA, a 

modular, open-source framework for data independent acquisition data analysis 

developed in our lab.  

 

I next contributed to applying novel MS technology for low input proteomics. The 

Orbitrap Astral, as well as other highly-sensitive TOF detector instruments have pushed 

the boundaries of sensitivity, acquisition speed and identification. This has shown to be 

particularly advantageous for low input applications such as Deep Visual Proteomics 

(DVP). Through a combination of these ultra-high sensitivity MS instruments, and 

tailored DIA acquisition strategies, we were able to decrease the required cell input 
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amount and broaden the range of application for DVP. Focusing first on tissues from a 

single patient with signet ring cell carcinoma, we showcased the potential of DVP for 

personalized medicine and were able to propose a treatment option that effectively 

halted tumor progression. We next evaluated the phenotypic shifts after 

xenotransplantation of organoid models. In a human mucosa model, we could show that 

xenotransplanted tissue was closer to human physiology and regained its functional 

profile in comparison to in-vitro organoid cultures and could provide valuable insights 

into human disease. Lastly, we extended the previously described single cell DVP 

workflow to formalin-fixed paraffin-embedded tissue, and applied it to study proteotoxic 

stress in alpha-1-antitrypsin deficiency. Using a tailored MS method with optimized 

variable DIA isolation windows, we were able to identify up to 3800 protein groups from 

a single hepatocyte shape, which is the equivalent to ~half of a full cell.  

 

In summary, my thesis highlights how a combination of technical, methodological, and 

computational improvements can help to advance MS-based proteomics and bridge the 

gap to clinical applications and personalized medicine.  
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1. Introduction 

1.1 The human proteome  

 

Nature's ingenuity is perhaps most evident in the intricate design of living cells, which 

form the foundation of all biological complexity. While all cells carry the same genetic 

information or genome, their individual functions and roles within a tissue or organism 

can greatly differ. In order to explain how genetic information is translated into functional 

diversity of living systems it is important to look at the different molecular components 

of a cell. 

 

The genome represents the complete set of genetic information of an organism. 

Comprised of nucleotide sequences, the genome consists of only 1-2% protein coding 

genes, as well as non-protein coding genes. These can have regulatory, structural and 

other functional elements and seemingly non-functional elements, including “junk” 

DNA.1–3 With the aim to use the genetic information to understand and potentially treat 

genetic or multifactorial diseases, the Human Genome Society established the Human 

Genome Project in 1990 to sequence the full human proteome.4 After an initial draft in 

2003, which was missing 8% of the genome, a first complete human reference genome 

was published in 2022, with additional information on the Y-chromosome following in 

2023.5–7 This complete reference genome, termed T2T-CHM13, encompassed more 

than 3 billion base pairs of nuclear DNA and the annotation lead to more than 63,000 

genes of which close to 20,000 are predicted to be protein coding. 

 

Through efforts of the Human Proteome Project, 18,397 or about 93% of these genome 

encoded or canonical proteins have been identified.8 However the full human proteome 

is expected to consist of hundreds of thousands or even millions of protein species.9–11 

The portmanteau “proteome” was first coined at a conference in 1994 by scientist Marc 

Wilkins, who described it as “the protein complement expressed by a genome”, but now 

the term includes the set of all protein isoforms, modifications as well as protein-protein 

interactions and protein complex assemblies.11–13 These discrepancies between 

canonical proteins and the total number of possible proteoforms arises from multiple 

regulatory mechanisms operating between the transcription of DNA and the translated 

protein. These biological processes include alternative splicing of mRNA transcripts, 

genetic variations such as single nucleotide polymorphisms, co-transcriptional mRNA 
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editing, and diverse post-translational modifications (PTMs). Each variation, or 

combination of such, yields a different proteoform, with potentially unique biological 

function. Highly adaptable to intrinsic and extrinsic stimuli and essentially the functional 

and biologically active unit of every cell, the proteome is the closest proxy to cellular 

phenotypes available.14 Due to this close connection between the proteome and cellular 

function, diseases phenotypes often manifest at the protein level. This makes proteins 

ideal biomarker candidates for disease diagnosis, prognosis, treatment response, as 

well as therapeutic targets.13,15–17 With more than 600 canonical proteins being target by 

FDA-approved drugs, and projected to represent half of the top ten selling drugs in 2023, 

protein-targeted therapies have revolutionized current treatment approaches.18,19 While 

this includes important classes such as kinase and proteasome inhibitors used in the 

treatment of cancers, a notable and very recent example is the protein Semaglutide, a 

glucagon-like peptide-1 receptor agonist sold under the brand name Ozempic. Initially 

approved for the treatment of type 2 diabetes, it received much notice for its potential as 

an anti-obesity drug, with more promising treatment effects than other available 

medication.20,21 

 

These clinical applications highlight the importance of investigating the proteome and 

shedding light on its dark side that lies beyond the canonical sequences.22,23 While other 

approaches to study proteins exist, including gel electrophoresis and protein or antibody 

arrays, the clear advantages of mass spectrometry (MS) based proteomics have made 

it the method of choice for fast, sensitive, quantitative, and high-throughput analysis of 

proteins.14,24,25 

 

1.2 Mass spectrometry-based proteomics 

1.2.1 Principles of proteomic data acquisition 

Mass spectrometry-based proteomics primarily uses two main approaches: bottom-up 

(shotgun) and top-down analysis. While bottom-up breaks proteins into small pieces and 

top-down analyzes whole proteins, a third approach called middle-down has emerged 

in recent years as an intermediate method (Figure 1).14,26–29 

 

Top-down proteomics focusses on the analysis of intact proteins and omits any kind of 

proteolytic digest. Single protein or protein mixtures are directly injected and subjected 

to a full scan and subsequently fragmented for fragment ion scans (Figure 1, left). In 

comparison to other MS-based proteomics approaches, it provides complete protein 

sequence coverage and a holistic view of the proteoforms, including a high retention of  
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PTMs, which allows the analysis of co-occurring PTMs. Top-down proteomics, however, 

Figure 1 Schematic overview of mass spectrometry-based proteomic approaches. In 

both bottom-up (right) and middle down (middle) proteomics, proteins are proteolytically 

digested, resulting in small and large peptide fragments respectively. Digested peptides are 

separated by liquid chromatography and measured by mass spectrometry. Peptide and 

fragment levels are consequently used to infer protein information during data analysis. In 

top-down (left) proteomics intact proteins are injected, which allows for direct protein or 

proteoform-level information. Proteins are then fragmented prior to MS2 scans. 
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is limited to the analysis of a few proteins at a time, with an additional upper limit on 

protein size, and data analysis is more complex.26,30,31 In bottom-up and middle down 

proteomics, proteins are subjected to proteolytic digest (Figure 1, right and middle), 

however proteolysis in middle-down is restricted to achieve longer peptide fragments.32–

35 Using this strategy, middle-down proteomics can achieve higher sequence coverage 

than bottom-up proteomics and has an improved ability to characterize PTMs. As with 

top-down proteomics, however, throughput is limited and data analysis is more 

challenging.28,34 While both top- and middle-down approaches have their benefits, the 

most common approach in mass spectrometry-based proteomics remains bottom-up or 

shotgun proteomics.14,36 This can mainly be attributed to the high sensitivity and 

throughput this approach provides, as well as the ability to analyze complex samples, 

such as tissues or whole cell lysates. Additionally, more mature technology and data 

analysis tools make bottom-up more accessible and user-friendly than other MS-based 

proteomics approaches.14,24,37–40 Bottom-up proteomic consists of three mayor steps, i) 

sample preparation, ii) liquid chromatography coupled to tandem MS (LC-MS/MS), and 

iii) data analysis (Figure 2).41 

 

1.2.2 Sample preparation in bottom-up proteomics 

Starting with sample preparation, proteins can be extracted from a plethora of biological 

material, including cell culture, body-fluids as well fresh-frozen or formalin-fixed paraffin 

embedded (FFPE) tissue samples. For effective protein extraction and improved 

enzymatic digest in tissue or cell culture samples, lysis buffers often contain protein 

denaturants, such as detergents. Commonly, sample lysis is followed by a reduction and 

alkylation step, where a reducing agent is used to disrupt disulfide bonds, followed by 

the alkylation of free cysteines.42–44 Extracted proteins are then digested using 

sequence-specific proteases. Trypsin and LysC, the most commonly used proteases in 

bottom-up proteomics, cleave C-terminal to arginine and lysine residues, which results 

in peptides of 8-30 amino acid length and with a known proteolytic cleavage pattern. 

The cleavage pattern of trypsin and LysC leaves a positively charged amino acid on the 

C-terminal of the newly cleaved peptides, which increases subsequent ionization and 

fragmentation efficieny.32,33,45,46 Prior to MS analysis, samples might require sample 

cleanup or can be subjected to various forms of offline fractionations for deeper 

proteomic depth.47–52 Additionally, the analysis of PTMs often requires a separate and 

specific enrichment of modified peptides for optimal coverage.53–55 
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Figure 2 Schematic of the bottom-up proteomics workflow. The overall bottom-up 

workflow can be divided into three steps, i) sample preparation, ii) liquid chromatography 

coupled to mass spectrometry (LC-MS/MS) and iii) data analysis. In i) sample preparation, 

proteins are extracted from biological or clinical samples of interest, such as cell culture, 

body-fluids or tissues, including archived formalin-fixed paraffin embedded (FFPE) tissue. 

Extracted and solubilized proteins are enzymatically digested into peptides using trypsin, 

LysC or other proteases. In ii) LC/MS/MS, extracted peptides are separated using liquid 

chromatography and transferred to the mass spectrometer via electrospray ionization. First, 

the MS acquires a full mass spectrum (MS or MS1 spectra, before selected peptide 

precursor are fragmented for fragment ion scans (MS/MS or MS2 spectra). In iii) data 

analysis, the obtained MS1 and MS2 spectra are compared to a database to confidently 

identify peptides, infer protein sequences and quantify the identified proteins. These steps 

are commonly handled by bioinformatics tools. The resulting peptide or protein group output 
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tables are then used as the base for bioinformatic data analysis, statistics and data 

visualization. Adapted from ref.41 

1.2.3 Liquid chromatography mass spectrometry 

In a second step, the peptide mixture is separated based on their hydrophobicity using 

high performance liquid chromatography (HPLC). In reverse-phase LC, the complex 

peptide mixture is loaded onto an analytical column filled with porous silica beads that 

have C18 hydrocarbon chains attached to them - this forms the non-polar stationary 

phase commonly used in bottom-up proteomics. As peptides interact with these C18 

chains through hydrophobic interactions, they can be gradually eluted from the column 

using increasing concentrations of a nonpolar solvent like acetonitrile.56 This separation 

step helps reduce the complexity of the sample before it enters the mass spectrometer. 

 

For optimal separation of peptides, analytical columns, however, need to be robust, 

reproducible and provide high chromatographic performance. As previous generations 

of commercial capillary columns were associated with high costs and short lifetimes, 

many labs, including ours, opted to produce their own in-house analytical columns.57,58 

With recent improvements in commercial column manufacturing, the trend however is 

moving towards a fully commercial plug-and-play setup from column producers such as 

PepSep, IonOpticks and Thermo Fisher Scientific. Apart from packed columns, micro-

pillar array columns show great potential for applications in proteomics by reducing peak 

broadening.59–61 The so called μPAC columns feature perfectly positioned and 

geometrically ordered micropillars, which are etched into silicon wafers and form 

separation channels.62,63 

 

The drive for more reliable and consistent results has led to new choices in LC 

instruments. One example is the Evosep One LC system, which offers preset, short 

gradients for consistent results while maintaining high sensitivity. By operating at low 

pressure, it reduces equipment wear and extends operating time. The system performs 

multiple steps simultaneously between samples, allowing throughput of up to 500 

samples per day.64 It also uses disposable trap columns called Evotips that extend the 

main column's life and, in most cases, alleviate the need for additional sample clean up. 

These Evotips reduce sample handling and potential sample loss, which is especially 

valuable when working with small sample amounts. 

 

Peptides at this stage are optimally separated; however they now need to be injected 

into the MS. A crucial step in MS-based proteomics that was revolutionized by the 
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introduction of electrospray ionization (ESI) source - lead by the team of John Fenn in 

198965 - that earned John Fenn a joint Nobel Prize in chemistry in 2002. In ESI, analytes 

in solution are pumped through a capillary, which is maintained at a high voltage, and 

nebulized at the capillary tip (Figure 3). This leads to the dispersion of charged droplets, 

which are rapidly evaporated and undergo coulomb fission once the electrostatic 

repulsion outweighs the droplet surface tension, and the consequent transfer of residual 

charges to the analytes.66,67 These ionized analytes are then moved into the high 

vacuum chamber of a mass spectrometer. Based on the initial principle, many 

improvements have been made to increase the efficiency, such as the introduction of a 

nanoESI source, which additionally enables the use of ESI for low flow gradients.67–70 In 

a standard bottom-up MS run, the MS is operated in positive mode, meaning the emitter 

is maintained at a positive potential, and ionization of analytes happens through 

protonation.67 The number of charges a peptide carries can depend on the experimental 

conditions as well as peptide length and amino acid sequence.71–73 Tryptic peptides 

generally carry at least two charges, though non-tryptic digestion or specialized 

applications, such as immunopeptidomics, can also give rise to singly charged 

species.33,74–76 

 

Figure 3 Schematic of electrospray ionization (ESI). Analytes in solution are exiting a 

capillary column or emitter in an electric field. At the orifice of the emitter, an electrospray or 

Taylor cone is formed and the analyte solution is nebulized. This leads to the formation of 

initially larger, charged parent droplets. Through solvent evaporation, the size of the droplet 

is reduced until the Rayleigh limit is reached, where electrostatic repulsion of like charges 

outweighs the droplet surface tension, and droplets undergo Coulomb fission to form smaller 

progeny droplets. This process continues until only the naked charged analyte remains. 

Adapted from ref.67 

A mass spectrometer is essentially composed of three main components: an ion source 

to ionize the analytes, a mass analyzer to determine the “weight” or mass-to-charge 
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(m/z) ratio of the analytes, and a detector, which counts the number of ions at a given 

m/z value.46,77 Having covered ESI as the most common ionization strategy in the 

previous section, the next is the mass analyzer, whose principle role is to separate 

analytes based on their m/z ratios. The most commonly used mass analyzer types 

include quadrupoles, linear ion traps, time-of-flight (TOF) analyzers, Fourier transform 

ion cyclotron resonance, and the Orbitrap analyzer.78–85 Different analyzer types have 

their strengths and weaknesses with regards to analyzer performance factors, such as 

sensitivity, resolution, mass accuracy, and speed.46,79,80 For optimal performance, 

different analyzer types are often combined in so called tandem mass analyzer 

approaches.79,86 A common example being the combination of quadrupoles, for ion 

package selection, with more advanced analyzers such as TOF or Orbitrap analyzers. 

Regardless of the analyzer, precursor peptides are first profiled in a full MS or MS1 scan. 

Then precursors are selected for fragmentation and fragment ion scans (MS2) are 

recorded. Depending on the fragmentation technique used, different types of ions series 

are produced (Figure 4).87,88 

 

Figure 4 Peptide fragmentation pattern in mass spectrometry. Roepstorff-Fohlman 

nomenclature for the fragmentation of protonated peptides. The potential cleavage points 

along the peptide backbone are referred to as A, B, C or X, Y, Z depending on whether the 

charge retention is on the N- or C-terminal peptide respectively. Collision-induced 

dissociation (CID), including higher-energy collisional dissociation (HCD) produce b and y 

ions, while alternative fragmentation techniques such as electron-transfer dissociation (ETD) 

and ultraviolet photodissociation (UVPD) produce complementary c/z and a/x ion series, 

respectively. Adapted from ref.87 

Bottom-up approaches generally rely on higher-energy collisional dissociation (HCD), a 

type of collision-induced dissociation (CID), for fragmentation, which yields b and y ions. 

Other fragmentation techniques such as electron-transfer dissociation (ETD) and 

ultraviolet photodissociation (UVPD) can produce complementary ions, which are 

particularly beneficial for top-down MS or the analysis of labile PTMs.89–91 
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The selection of precursors for fragment ion scans is a crucial step in mass 

spectrometry. In discovery proteomics, we can differentiate between data-dependent 

(DDA) and data-independent acquisition (DIA) (Figure 5, left and middle). As the name 

data-dependent acquisition suggests, precursor selection in DDA relies on information 

from MS1 scan. The n most abundant peptide precursors (topN) are sequentially 

isolated, subjected to fragmentation and MS2 scans of the corresponding fragment ions 

are recorded. This establishes a clear connection between a precursor and its 

fragments, but the stochastic nature of the precursor selection reduces reproducibility, 

which leads to a greater number of missing values across replicates. Moreover, 

coverage of the dynamic range of a mass spectrum is limited by the number of topN 

peaks that can be selected.92,93 

 

In contrast to DDA, data-independent acquisition successively cycles through the entire 

mass range using a set of pre-defined isolation windows. Within these isolation windows, 

all detectable precursors are co-isolated and fragmented. This overcomes the dynamic 

range and reproducibility limitations of DDA, and can greatly increase proteomic 

depth.94–97 However, these advantages come at the cost of the loss of the direct 

precursor-fragment relationship and increased spectral complexity, which requires more 

advanced search engines to process the obtained data.94,95,98,99 In recent years multiple 

such software suites have been released to effectively and confidently analyze DIA data, 

each with their own advantages and disadvantages.39,40,98,100–104 
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Figure 5 Overview of data acquisition modes. In discovery-based proteomics, the goal is 

to cover as wide a range of peptides and proteins as possible. This can be achieved with 

two data acquisition modes, data-dependent (DDA) and data-independent acquisition (DIA). 

In the former, the topN most abundant precursor of a given spectrum are sequentially 

isolated and subjected to fragmentation before MS2 scans of the corresponding fragment 

ions are recorded. In DIA the m/z range of the MS1 spectrum is divided into m/z isolation 

windows of predefined size. Within these windows all precursors are co-isolated and 

fragmented leading to a higher coverage of the precursors present at a given time at the 

expense of increasing spectral complexity. In contrast to discovery proteomics, targeted 

proteomics aims to specifically monitor a smaller number or peptides or proteins of interest. 

Based on a predefined target list, precursors are selected for fragmentation. Here we 

differentiate between selected or multiple reaction monitoring (SRM/MRM), in which a 

certain number of peptide fragments of a given precursor are analyzed separately, and 

parallel reaction monitoring (PRM), in which many or all fragment ions of a given precursor 

are analyzed in parallel. 

 

Discovery proteomics can give comprehensive insights into the proteome and help 

identify proteins and peptides of interest for biological or clinical application, such as 

disease biomarkers. Once these proteins of interest have been identified, researchers 

can develop specialized MS-based assays to track these proteins – so-called targeted 

proteomics. In contrast to discovery proteomics, the goal in targeted proteomics is to 

specifically monitor a set of proteins or peptides of interest. Based on a pre-defined 

target list, precursors are selected for fragmentation and product ion scans are recorded 

(Figure 5, right). Fragment ions can either be analyzed sequentially (SRM) or in parallel 

(PRM), depending on the mass analyzer used.105–110 
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1.2.4 Computational mass spectrometry for data analysis 

With the obtained mass spectrometry raw data in hand, we reach the data analysis step 

of the general bottom-up proteomics workflow. As protein-level information is lost during 

digestion, the identification of proteins from bottom-up proteomics samples is a complex 

task. It requires matching the experimental MS2 (fragment) spectra to theoretical, library 

or predicted fragment spectra to identify peptide precursors, inferring proteins (or protein 

groups) from the identified peptides and quantifying the assembled proteins.46,111 

Peptide identification can be achieved in three ways: de novo sequencing, database 

search approaches, or spectral library matching. In de novo sequencing peptide 

sequences are directly read out of the MS2 spectra without the use of a reference 

database. This is done using de novo sequencing algorithms, which by now often 

employ deep learning, and reconstruct the peptide sequence by interpreting mass 

differences between adjacent fragment ions in MS/MS spectra. Each mass increment 

corresponds to a specific amino acid residue mass, wherefore this systematic mass 

analysis along the peptide backbone enables sequential amino acid assignment.112–115 

While this can be of interest for studying proteoforms or proteomes of organisms without 

a complete reference genome, de novo sequencing has a lower accuracy and depth 

compared to database-assisted search strategies. Additionally, search parameters, 

such as peptide length, charge states and modifications, need to be limited as not to 

inflate the search space.116 

 

As information content and spectral complexity between DDA and DIA differ, the data 

obtained by these two data acquisition strategies need to be handled differently. DDA 

data is conventionally analyzed using spectrum-centric approaches, in which MS2 

spectra are matched against reference proteome databases or a spectral library.37,117–

120 Most common DIA analysis tools on the other hand employ targeted peptide-centric 

approaches, which query whether a predefined list of peptides from a spectral library 

are detectable in the extracted ion chromatograms of the experimental data.101,121,122 

This classical approach, however, requires the generation of an experimental spectral 

library by acquiring deep proteomes of the target organism using DDA, which can be 

tedious and time-intensive. So-called library-free approaches overcome the necessity 

for an experimental library. These strategies involve converting DIA data into 

pseudospectra that resemble DDA fragmentation patterns, enabling direct analysis with 

established database search algorithms. Among others, notable examples include DIA 
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Umpire or the directDIA search approach in Spectronaut.98,101,121,123,124 In contrast, novel 

algorithms, which employ machine learning or deep learning for the prediction of 

peptides and peptide properties, allow the generation of tailored and fully in-silico 

predicted libraries. This enables the peptide-centric search of all possible peptides and 

precursors beyond the depth of experimental libraries. Moreover, these tailored libraries 

can reduce search space in specialized applications such as immunopeptidomics by 

decreasing the number of peptides in the spectral library to sequences likely present in 

the sample.40,125–129 

 

Most of these software suites, however, are of a closed nature, meaning the source 

code and with it the details on how the search engine goes from MS raw data to a list of 

quantified proteins is unavailable to the user. With new version releases claiming ever 

higher identification rates from the same sample set, this can raise concerns about the 

accuracy and confidence in these identifications. While there have been many 

discussions recently about closed versus open-source proteomics tools, particularly in 

connection with academic software commercialization, open-source proteomics 

software has the potential to recover this trust in protein identifications. Moreover, an 

open-source concept invites contributions beyond the source lab, enabling a faster 

implementation of new features and functionalities. Since the code is freely available, 

developers can rapidly update these tools to process data from new and complex mass 

spectrometry scanning methods that traditional software cannot handle. One such 

example -  AlphaDIA (Article 3) a modular framework for the analysis of DIA data130 

developed in our group - is highlighted in this thesis. Apart from being a fully open source 

DIA search implementation, its main advantages are a feature-free identification 

algorithm, which makes it particularly suitable for data produced by current state-of-the-

art TOF analyzers, and its end-to-end workflow using AlphaPeptDeep for library 

prediction and directLFQ for quantification.126,131 

 

During the protein inference, peptides are then assembled into proteins. As peptides are 

often not unique, but rather can be assigned to a few different proteins, it is necessary 

to introduce protein groups as not to inflate the number of identifications. If multiple 

proteins share the same peptides and no uniquely distinguishing sequences have been 

identified, these are assembled into a protein group. 

 

Importantly, at both the peptide and protein identification level, the false discovery rates 

(FDR) should be controlled.132 This is commonly done using target-decoy approaches 

that help estimate the FDR. For this, decoys, such as reversed or scrambled sequences 
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are added to a target list (e.g., the reference proteome of an organism of interest). 

Obtained mass spectrometry data is searched against this combined database and, 

based on the identification rate of target and decoy sequences, the FDR can be 

calculated. At both the peptide and protein level, an FDR cutoff of 1% is proposed for 

maximum confidence in identifications.132,133 

 

The advantage of MS-based proteomics, however, is the ability to not just identify, but 

also quantify proteins. Protein quantification can either be achieved label-free (LFQ) or 

using isobaric or non-isobaric labels. For quantification, LFQ directly uses the integrated 

intensity of peptide peaks across the m/z and retention time (RT) dimensions. The core 

principle is that when measuring a given peptide multiple times, the relative proportions 

of its ions should remain consistent between multiple LC/MS runs. LFQ algorithms then 

compare the peptide signals across different experimental conditions and normalize the 

signals by using median-fold changes to calculate relative protein abundances or 

intensities.131,134–136 

 

In comparison to LFQ, labeling or multiplexing strategies add distinct tags to proteins or 

peptides, depending on when the labeling step is incorporated in the sample preparation 

workflow. These tags create predictable mass differences between otherwise physio-

chemically identical peptides and allow the differentiation and quantification of these 

peptides. Labeling strategies also allow sample multiplexing, where peptides from 

multiple samples are combined and analyzed in a single LC-MS run. This approach 

increases analytical throughput while reducing technical variability, as all experimental 

conditions are measured simultaneously. While these benefits often only hold true as 

long as all experimental conditions can be processed together in a so-called plex, one 

can also use one of the multiplexing channels to normalize between sets of multiplexed 

samples. 

 

Labeling strategies for LC-MS usually fall into one of two categories, isobaric and non-

isobaric labels. Isobaric labeling techniques, like TMT, iTRAQ, and EASI-tag, use 

chemical tags composed of reporter ions and balancing or equalizing groups.137–140 

During fragmentation, the reporter ions are released and used for quantification across 

the experimental conditions, while the balancing groups ensure identical precursor 

masses across different labels. While these are powerful tools with ever-increasing 

multiplexing capabilities, they suffer drawbacks in terms of ratio-compression and are 
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usually associated with high costs in comparison to LFQ sample preparation.141–143 Non-

isobaric labeling methods, such as SILAC, mTRAQ and dimethyl labeling do not rely on 

reporter ions, but rather use the inherent mass differences between the employed labels 

to distinguish between the differently labeled samples and quantify them from MS1 

scans.144–149 However, the addition of such labels can introduce shifts in RT, that need 

to be taken into the account by the analysis software. Moreover, they require near 

perfect labeling efficiency, as un-labeled peptides are not considered for downstream 

data processing. While some of these multiplexing strategies can only be used for DDA 

analysis, many of the mentioned approaches have been adapted for use with DIA in 

recent years.150–155 

 

Once the MS raw data has been processed, the search algorithm results in a list of 

quantified protein groups and peptides, which can be used as the input for the last but 

certainly not least step of data exploration, interpretation and visualization. For this 

purpose, a plethora of bioinformatic tools have been developed that provide a framework 

for statistical data analysis and biological or clinical interpretation. Perseus, MSStats, 

and AlphaPeptStats, to name a few examples, are easing statistical analysis by having 

ready to use implementation of common statistical analysis in a user friendly graphical 

user interface or as assembled packages for coding languages such as R and 

Python.156–159 For additional data visualization, a multitude of packages is available.160,161 

While these tools allow the visualization of proteomics data in a quantitative protein or 

peptide centric-view, it is also important to evaluate data quality at the level of MS raw 

data and peptide matching.162–164 This not only enables to manually confirm peptide 

identifications on a spectrum level in case of low evidence, but is also important when 

evaluating novel MS acquisition methods or technology (software and hardware 

components) that directly impact the MS raw data. For one of the works presented in 

this study (Article 1), we used such a tool, called AlphaRaw, to analyze distances 

between neighboring peaks as a proxy for the resolving power provided by a novel raw 

data processing algorithm.164,165 

  

1.3 Mass spectrometry technology 

Mass spectrometry stands as one of the most important analytical technologies in 

proteomics and beyond. From the invention of what is now recognized as the first mass 

spectrometer by J.J. Thomson in 1912, to modern mass spectrometers that enable the 

analysis of full cellular proteomes in an hour, the field has undergone a remarkable 

evolution.166–168 At the forefront of this evolution are the incredible technological 

advancements in mass spectrometry technology that are continuing today, striving to 
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make mass spectrometers ever more sensitive, fast, precise, and robust. Before we 

delve into the latest MS innovations, it is important to first introduce a few key MS terms 

(Table 1). 

 

Table 1 Glossary of key mass spectrometry terms 

  

Cycle time Total time needed to complete a MS analysis cycle (MS1 + MS2 

scans). 

Duty cycle Proportion of time the mass spectrometer spends collecting 

useful data. 

Dynamic range Range between the most and least abundant peak. Can be 

determined on an intra- or inter scan level. 

Fill/Injection 

time 

Time allowed for the accumulation of ions before analysis. 

Mass accuracy Difference between measured and theoretical m/z value of an 

ion. Typically expressed in parts-per-million [ppm].  

Mass range Range of m/z values that can be analyzed. 

Mass resolution Ability to distinguish between closely spaced peaks. Usually 

expressed as m/Δm (mass divided by peak distance). 

Scan speed/rate The number of spectra that can be acquired per unit time. Often 

expressed in hertz [Hz]. 

Sensitivity Defines the minimum amount of sample needed for detection. 

Often expressed as a limit of detection or compared through 

signal-to-noise ratios. 

Transmission 

efficiency 

Percentage of ions that are successfully transferred through the 

instrument. 

 

While in an ideal world, a mass spectrometer would combine the best available 

components, commercial instrument development is constrained by vendors' patents on 

specific technologies, including hardware designs, software solutions, and scan modes. 

For this reason, the instrument platforms from each vendor differs in core technologies, 

components and as a result in performance. 

 



1. Introduction 

16 

As mass spectrometry technologies from Thermo Fisher Scientific (TFS) played a 

pivotal role in my PhD and journey through MS-based proteomics, I will primarily focus 

on MS instrumentation and related innovations from this vendor in the next chapters. 

1.3.1 A brief history of mass spectrometry technology in Bremen 

Thermo Fisher Scientific sells a wide range of life science mass spectrometers from 

single, to triple quadrupole to linear ion trap instruments to their range of hybrid or Tribrid 

instruments. Hybrid instruments generally pair a quadrupole with the Orbitrap as a high-

resolution accurate mass (HRAM) analyzer, while Tribrid instruments have a secondary 

mass analyzer in addition to the Orbitrap. In these pairings the quadrupole is generally 

only employed for mass selection, meaning it selects or filters ions based on their m/z 

values for downstream analysis. The available range of instruments is being 

manufactured across two factory sites in Germany and the USA. During my PhD, as 

well as during my master thesis, I had the opportunity to collaborate with the research 

teams at the Bremen factory. 

 

With not just TFS, but also Bruker Daltonics having their factories in Bremen, mass 

spectrometry technology has a long history in there. Working on electromedical 

instrumentation, physicist Ludolf Jenckel decided to build a mass spectrometer in 1947, 

and was able to start a small division Atlas MAT with the aim to commercialize MS 

instruments in Germany and thereby starting a now 77-year long journey of MS 

innovation. Based on the quadrupole ion trap design of Wolfgang Paul, who would later 

go on to receive the Nobel prize in Physics in 1989 for his development of the ion trap 

technique, MAT introduced a commercial quadrupole analyzer in 1962.169 Initially 

underestimating its potential, MAT was prompted by the success of the first quadrupole 

mass spectrometer from the US-based MS company Finnigan to introduce their own 

quadrupole MS, the MAT 44, in 1977. This instrument featured a, for the time 

unprecedented, resolution of 12,000, which could be attributed to the use of hyperbolic 

quadrupole rods instead of round ones as was custom at the time. After the fusion of 

MAT and Finnigan, these hyperbolic rods became a core technology in Finnigan’s 

Quadrupole MS until the 1990s. This Fusion also marked the start of the scientific 

collaborations between San Jose (Finnigan) and Bremen (MAT), which continues to this 

day after Finnigan was acquired by ThermoElectron (later Thermo Fisher Scientific). 

Their main competitor at the time was Vacuum Generators, a British MS company in 

Manchester that after multiple changes in ownership was acquired by Thermo 

Instruments. This prompted the formation of HD Technologies, a new company which 

took over some of the former Vacuum Generators’ operations in Manchester. The same 
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company employed Alexander Makarov, who developed the Orbitrap technology.170 

After HD Technologies was acquired by TFS in 2000, Alexander Makarov and the 

development of the Orbitrap technology relocated to Bremen. This lead to the release 

of the first commercial Orbitrap mass spectrometer, the LTQ Orbitrap, in 2005 and made 

the Orbitrap technology the foundation for TFS’s high resolution mass spectrometers.171–

176 

 

Build upon the learnings of previous ion trap designs such as the paul trap (i.e. 

quadrupole), the kingdon and knight traps, as well as Yuri Golikov’s theory of ion motion 

in quadro-logarithmic potential, the Orbitrap mass analyzer revolutionized the field of 

mass spectrometry.81,169,170,177–179 The Orbitrap consists of two outer barrel-like and a 

central spindle-shaped electrodes that form an quadro-logarithmic electrostatic field 

between them (Figure 6). During injection, the direct current (DC) applied to the inner 

central electrode is ramped up quickly to contract the radius of the orbiting ions. A 

principle that is referred to as ion “squeezing” and prevents the ions from hitting the outer 

electrode at the opposite side of the Orbitrap during injection.180 In the electrostatic field 

Figure 6 Schematic of the Orbitrap design and trapped ion movement. The 

Orbitrap mass analyzer features a spindle-shaped central electrode, which is 

surrounded by two split barrel-like outer electrodes that form an electrostatic field. Ions 

are injected tangentially and begin to orbit around the central electrode, while 

additionally oscillating back and forth along its length. The frequency of an ion’s 

oscillation motion is proportional to its m/z value. The oscillation motion induces an 

image current at the split outer electrodes and the recorded raw image current is 

composed of the sine waves of all ions present in the Orbitrap. Fourier transformation 

is used to decompose the convoluted signal to create a frequency spectrum, which 

can be converted to a mass spectrum. 

 



1. Introduction 

18 

between electrodes, the ions are then kept on an even distance from the central 

electrode due to an equilibrium of electrostatic attraction to the inner electrode and the 

centrifugal force. Ions are injected tangential to the central electrode and start orbiting it 

while harmonically oscillating back and forth along its length.81,180–182 The frequency (𝜔) 

of these oscillations can be described as: 

𝜔 =  √𝑘
𝑧

𝑚
, 

where k is a constant, z is the number of charges (or charge state), and m the mass of 

an ion. The frequency of ion motion therefore is a function of each ion’s mass-to-charge 

or m/z value. If ions are introduced to the electrostatic field in a small temporal and 

spatial window, ions of the same m/z will oscillate together, while ions with different m/z 

values will oscillate at higher or lower frequencies. In all commercial Orbitrap 

instruments, this tight requirement on kinetic energy, as well as the temporal and spatial 

spread is achieved using the “C-trap”, a curved radio frequency (RF)-only quadrupole 

with an opening in the electrode closest to the Orbitrap. In the C-trap ions are 

accumulated and subjected to collisional cooling. Effective injection of ions in small ion 

packages into the Orbitrap is achieved by rapidly ramping down the RF amplitude and 

applying direct current (DC) gradients across the C-trap.176,180 The axial oscillations of 

ion rings are detected via image current, as the oscillating ions induce current on the 

outer split electrodes. All ions inside the Orbitrap at a given time induce current 

concurrently and the sum of these individual sine waves as a function of time produces 

the raw image current or “transient”. Fourier transformation is used to deconvolute the 

raw image current into its various frequencies, providing a frequency spectrum that can 

be converted to a high-resolution mass spectrum.183,184 Mass resolution (R) is defined 

as the minimum distance between two m/z values the analyzer can resolve and is 

therefore directly linked to the frequency resolution: 

𝑅 =
𝜔

2Δ𝜔
=  

1

2Δ𝜔
√𝑘

𝑧

𝑚
 =  

m

Δ𝑚
 

Two factors impact the resolution: the mass range and the timespan for which the 

transient is recorded. First, in Orbitrap mass spectrometry, the resolution is inversely 

proportional to the square root of m/z. The highest resolution can thus be achieved for 

low m/z ratios. As the resolution is not stable across the mass range, usually a nominal 

resolution at e.g., m/z of 200 is given. Second, for Fourier transform analysis, a longer 

transient, i.e., a longer time span in which the image current is recorded, enables a more 

fine-grained discrimination between frequencies and therefore m/z values. This can be 
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explained by the fact that sine waves of similar but not identical frequency will become 

increasingly out of sync the longer they are observed. From a practical point of view this 

means, longer transients equal higher mass resolution. Even in the initial publication 

from the year 2000, a resolution of 150,000 could be achieved.81 However, one should 

note that in MS instruments with only a single mass analyzer, longer transients come at 

the cost of decreased duty cycle and scan rate. 

 

Over the years, the Orbitrap technology has been continuously improved with regards 

to the achievable resolution, speed, and mass range. One such development was the 

introduction of the high-field Orbitrap. A reduced distance between inner and outer 

electrodes strengthened the electric field and increased the frequency of ion oscillations 

and with it the mass resolution at a given acquisition time (transient length).185 The 

achievable speed was then gradually improved up to 40 Hz (MS2 acquisition) in the 

successively released Q-Exactive HF and Q-Exactive HF-X.186,187 Improvements in the 

detection and processing steps could additionally improve resolution. So called 

“enhanced Fourier transformation (eFT)” could increase mass resolution by a factor of 

two for most experiments and a factor of 1.4 for rapidly decaying signals, such as the 

signals of intact proteins.188 Overall, the Orbitrap marks a key invention in MS technology 

that launched MS into the modern era and considerably accelerated the pace of 

discovery. While today’s Orbitrap analyzer appear as an elegant solution for mass 

analysis, Alexander Makarov’s cabinet, or “museum” of failed prototype Orbitrap 

electrode assemblies at the TFS factory in Bremen, highlights the importance of 

perseverance in scientific innovation. 

1.3.2 Modern mass spectrometry innovations 

After delving into the history of mass spectrometry in Bremen, particularly the history of 

what today is Thermo Fisher Scientific, as well as introducing the Orbitrap, one of the 

key components of TFS’s high resolution accurate mass MS instruments, I would like to 

focus on TFS’s innovations in mass spectrometry and related technologies. While I had 

contact points with mass spectrometry and particularly mass spectrometry-based 

proteomics throughout my university studies, my personal hands-on journey in mass 

spectrometry began in 2019, which is roughly where I’d like to begin. 



1. Introduction 

20 

Field asymmetric waveform ion mobility mass spectrometry  

Field asymmetric waveform ion mobility mass spectrometry (FAIMS) is a type of 

differential mobility spectrometry (DMS) that can be operated at atmospheric pressure. 

Ions in gas-phase are separated depending on their behavior in strong and weak electric 

fields.189,190 FAIMS is often characterized by a curved or cylindrical electrode geometry, 

in contrast to generally planar DMS technologies. Interfaced with electrospray ionization, 

FAIMS can be used as an additional on-line orthogonal separation/fractionation between 

LC and MS. 191,192 Commercialized in the early 2000s, it was first used in the form of a 

front end accessory for SCIEX mass spectrometers, before a temperature controlled 

version was implemented for TFS’s triple quadrupole MS in 2007.192,193 While SCIEX 

moved forward with a planar geometry, TFS build upon the cylindrical design featuring 

an outer and inner electrode, where the asymmetric waveform is applied to the inner 

electrode (Figure 7), and released an updated commercial interface, the FAIMS Pro, for 

the use with their Tribrid MS instruments in 2018. Initially optimized for low flow 

applications, its functionality was extended to high flow application.194,195 

 

Analytical Principle: Carried along by a carrier gas, ions enter the space between the 

two electrodes to which an asymmetric high-voltage alternating current, the so-called 

dispersion voltage, is applied. As the electric field continuous to alternate, ions 

transverse the space between electrodes in a “zigzag” motion (Figure 7A). If an ion 

exhibits differential mobility in the high vs. low field, it will eventually collide with one of 

the two electrodes. Therefore, only ions with the same mobility across the alternating 

field will be transmitted. For selective separation, an additional direct current termed 

compensation voltage (CV) is applied that offsets the dispersion voltage and stabilizes 

the flight path of specific ion packages (Figure 7B). Mobility in the FAIMS dimension is 

influenced by a multitude of factors, including peptide length, charge state, shape, center 

of mass.196 As the optimal CV can differ between sample types as well as injection 

amount and instruments, predetermining the optimum is recommended.197–199 While this 

is usually achieved through a so-called CV-sweep by injecting the sample multiple time 

and acquiring data at different CV values, prediction models to infer optimal CV values 

from peptide sequences have recently been proposed.200 
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Figure 7 Field asymmetric waveform ion mobility mass spectrometry (FAIMS). (A) Ions 

enter the space between the two electrodes to which an asymmetric high-voltage alternating 

current, the so-called dispersion voltage, is applied. In this alternating field, the ions 

transverse the space between electrodes in a “zigzag” motion. If an ion exhibits differential 

mobility in the high vs. low field, it will eventually collide with one of the two electrodes. (B) 

To offset the dispersion voltage, an additional compensation voltage (CV) is applied. 

Through CV switching, either within a LC-MS run or between runs, the flight path of different 

ion packages can be stabilized. These can then be analyzed in the interfaced mass 

spectrometer. Adapted from references 198,199 

 

Benefits and application: The separation of ion packages using FAIMS can greatly 

reduce chemical noise in the form of singly charged ions, which leads to increased 
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sensitivity and protein identification. The cylindrical design blocks neutral molecules and 

removes singly charged background ions, reducing contamination. This results in better 

instrument performance and reliability. Since its release, FAIMS has been used for a 

plethora of applications, including the analysis of full proteomes, PTMs, PTM crosstalk, 

single cells, intact proteins, protein complexes, crosslinking mass spectrometry and 

even the characterization of monoclonal antibody oligomers. 194,198,201–213 Depending on 

the application, these make use of the ability to either increase proteomic depth by 

reducing noise or the specific selection of proteins and peptide species in the FAIMS 

dimension. In bottom-up proteomics, the application of FAIMS is particularly useful for 

the analysis of low input and single cell samples. Here the decreased chemical noise 

leads to visibly cleaner mass spectra and increased peptide and protein 

identifications.214–217 While the increase of protein identification still holds true to a certain 

extent at higher sample load, the reduction of the total ion population can, however, lead 

to a lower number of peptides-per-protein, decreases protein sequence coverage and 

confidence in correct protein to peptide assignment.201 The use of multiple FAIMS CVs 

alleviates this problem and additionally acts as a form of online fractionation tool for 

separating complex samples, protein and peptide isoforms and intact protein mixture 

analysis. This is achieved in either a single LC-MS run, through CV stepping, or in 

separate runs. While the former requires less sample material and MS time, acquiring 

MS1 and MS2 scans at two or three CVs more than doubles or triples the cycle time, 

respectively. As such, stepping through multiple CVs in a single LC/MS run, is more 

suitable for use with longer chromatographic gradients, where broader peaks result in 

higher tolerance for extended cycle times.198 

 

Comparison to other commercial ion mobility implementations: Most prominent 

mass spectrometry manufacturers/vendors offer a commercial ion mobility (IM) 

implementation, though they build on different IM principles. SCIEX’s SelexION device, 

similar to FAIMS, it is based on differential mobility spectrometry, albeit in a planar 

geometry. While the cylindrical electrode assembly blocks neutral and focuses the 

traversing ions, a planar geometry has the benefit that it allows ions to simply traverse 

the electrode assembly when no dispersion voltage is applied.191,218 

 

Apart from DMS/FAIMS, three more IM implementations (Figure 8) have been coupled 

to MS: drift tube ion mobility spectrometry (DTIMS), traveling wave ion mobility 

spectrometry (TWIMS) and trapped ion mobility spectrometry (TIMS). In short, DTIMS 

utilizes a uniform, weak electric field and measures the amount of time an ion takes to 

traverse a pressurized, gas-filled drift region. The ion mobility (ions traveling slow or fast) 
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is influenced by collision events with the carrier gas and hence depends on the ion's 

shape-to-charge ratio. DTIMS uniquely enables the accurate measurement of collisional 

cross section (CCS) without the need for calibrant ions.218,219 While the drift region of 

TWIMS is similar to that of DTIMS, it utilizes an oscillating electric field that pushes the 

analyte ions through the drift tube. Measurement of CCS values requires prior calibration 

with known ions, but ion focusing in the drift region increases ion transmission in 

comparison to DTIMS.218,220–222 TIMS essentially reverses the separation principle of 

DTIMS by utilizing a moving gas phase and an electric field gradient. Analyte ions 

migrate through the electric field against the gas drag and are immobilized in the electric 

field gradient once the ion drift velocity and opposing gas velocity reach an equilibrium. 

Traversed distance is proportional to an ion’s mobility, with low CCS (high mobility) ions 

being trapped closer to the entrance, and ions with larger CCS values (lower mobility) 

residing closer to the exit of the TIMS device. Trapped ion packages can then be 

sequentially eluted from the TIMS device by reducing the electric field strength223–226 

 

Both TWIMS and TIMS have been coupled to ESI-MS, with TWIMS being implemented 

on the Synapt and Select Series MS from Waters, and TIMS on Bruker’s timsTOF 

platform. In comparison to TWIMS and TIMS, FAIMS/DMS do not require pulsing ions 

into the ion mobility device, but rather operate in a continuous fashion, through which 

very high duty cycles can be achieved.218 They do, however, lack the capability to 

measure CCS values and offer lower resolution in comparison to other IM approaches. 

The highest theoretical separation resolution can be achieved with TIMS, though at 

reduced scan speed. For proteomics applications separation resolution is usually 

balanced with speed. Through the capture and release mode utilized in TIMS, especially 

with ‘parallel accumulation – serial fragmentation’ (PASEF) acquisition mode available 

on the commercial timsTOF platform, ion utilization of up to 100% can be achieved. 

85,227,228 The space-charge capacity of the TIMS device might, however, limit achievable 

dynamic range in comparison to DMS and TWIMS. Additionally, more complex tuning 

and calibration procedures might require higher levels of user training.218,229 While this 

comparison only includes a selection of commercially available implementations, the 
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IMS-MS field is rapidly evolving, improving and reimagining the available technology, 

which might in future alleviate some of the limitations mentioned.230–236 

 

Figure 8 Overview of available ion mobility implementations. Schematic was adapted 

from reference222 as permitted by the CC BY 4.0 international license. 

 

Overall, FAIMS provides a sensitive orthogonal analyte separation, that offers many 

benefits for proteomic applications. Comparison to other IMS-MS implementation, 

however also reveal potential shortcomings and opportunities for improvement. 

Particularly, faster separation and CV switching will be crucial in enabling a higher ion 

utilization. Operated at a single CV value, FAIMS nonetheless provides superior signal-

to-noise ratios for low input applications and, in our hand, extends instrument robustness 

in high load applications. 

 

Modern Quadrupole-Orbitrap instruments 

20 years after the initial introduction of the Orbitrap technology, TFS released a new 

instrument line, the Orbitrap Exploris (OE) series (Figure 9), which feature an 

atmospheric pressure ion source interfaced with electrodynamic ion funnel via a high-
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capacity transfer tube, a quadrupole, a C-trap, an ion routing multipole, and an ultra-

high field Orbitrap analyzer.175,201,237,238 Three models were released, the Orbitrap 

Exploris 480, Orbitrap Exploris 240 and Orbitrap Exploris 120. Named after their 

maximum achievable resolution the three were supposed to serve different analytical 

purposes. With the lowest resolution, the OE 120, was optimized for environmental, food 

safety, and toxicology analysis, while the OE 240 and 480 were intended for high 

performance omics and pharmaceutical applications. During my master’s thesis, I was 

part of a team of researchers evaluating the Orbitrap 480 mass spectrometer for 

proteomics applications.201 This OE model has been widely adopted in the field and 

considered a workhorse instrument in many proteomics laboratories. In this thesis, I will 

focus on this OE model. 

 

Figure 9 Schematic of the Orbitrap Exploris mass spectrometer series. The OE series 

of instruments features advanced quadrupole technology as well as a high field Orbitrap 

analyzer for mass resolution up to 480,000. In comparison to previous instrument platforms, 

it features a much smaller footprint, improved robustness and performance. Schematic was 

adapted from reference238 as permitted by the CC BY 4.0 international license. 

The most noticeable change in comparison to the Q-Exactive instrument platform is the 

greatly reduced footprint and volume of the instrument. This could be achieved by 

employing a single six-stage turbomolecular pump module instead of the previously 

necessary bulky multi-pump systems. Modularization and alignment of all ion optical 

components along a common axis in the new reduced footprint additionally increases 
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ease of access. Interestingly, already at this stage TFS highlights that the analyzer 

modularization and the instrument frame allow access for potential extension of the 

instrument beyond the ion routing multipole (IRM).239 A comment that in hindsight seems 

to hint at instrumentation released 4 years later granting insight into the timeframe for 

instrument development. 

 

Apart from the reduced footprint and new pump module, many changes in the hard- and 

software were implemented. Starting at the front of the instrument, the OE series marks 

the unification of TFS’s instrument lines, by adapting the front-end or interface design 

used for the Tribrid and triple quadrupole instruments. This allows for full compatibility 

with ion sources designed for these instruments as well as Tribrid front-end options, 

including the FAIMS Pro interface, which enables FAIMS. Use of the (Tribrid) EASY-IC 

discharge ion source, allows for improved ppm-level mass stability by releasing a stable 

flow of fluoranthene ions that can be used as lock masses, which increases robustness 

of the system.240 Moving on to the quadrupole, a so-called symmetrical ion loading was 

introduced that distributes filtered-out ions more evenly across the quadrupole rod pairs 

using automatic and regular polarity switches in the quadrupole. To ensure that both rod 

pairs provide equal transmission and isolation efficiency and quality, the quadrupole 

manufacturing has been improved. Overall, this can increase the time between 

instrument cleaning, and therefore decrease downtime, up to a factor of two. On the 

Orbitrap analyzer end, additional focusing lenses have been added to allow for a new 

C-trap design that only applies the pull-out pulse to the slotted C-trap electrode (closest 

to the Orbitrap), which increases ion focusing and reduces ion losses at the edge of the 

extraction slot. Improved pulse control on the Orbitrap central electrode further allows 

for electrodynamic ion squeezing of a much broader mass range. 

 

In terms of software changes, the instrument control software was engineered to 

resemble the control software of the Tribrid and triple quadrupole platforms. This 

includes the harmonization of instrument setting such as collision energies between 

these instrument platforms. The OE series additionally marks the first instrument with a 

commercial implementation of the Phase-constraint spectrum deconvolution method 

(ΦSDM) to increase resolution, albeit it was only applied to the small m/z range of TMT 

reporter ions in an acquisition mode termed Turbo-TMT to ensure real-time computation 

directly on the instrument computer.241–243 

 

Overall, this enables resolution of up to 480,000 at m/z 200, a scanning speed up to 40 

Hz (as on the HF-X instruments), and a mass range up to 6,000 m/z (or 8,000 in the 
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biopharma version) all in an instrument of reduced footprint. This has led to a wide 

spread adaptation of the OE instruments for the analysis of proteomes, PTMs, and even 

single cells.201,244–249 Our investigation of the effects of muscle loss on the human plasma 

proteome (Article 2) could additionally showcase its use for clinical proteomics.250 This 

has been explored by many other labs as well, with notable examples being the 

identification of biomarkers for alcohol-related liver disease and the proteomic profiling 

of eczema, both of which could have clinical implications.17,251 Mass spectrometers of 

the Exploris, and Q-Exactive series have even been used in combination with the 

MassSpec Pen, a liquid-extraction-based device, for intraoperative tissue analysis in 

clinics.252–254 The instrument, however, is not exclusive to proteomics, but has been 

applied in peptidomics, metabolomics and lipidomics.255–259 

 

While a fourth instrument in the Exploris series, the OE MX, has been released for 

pharmaceutical analysis of native proteins and oligonucleotides, there were no 

commercial hardware updates or upgrades of the original three instruments 2019.260 

However, many (so far non-commercial) options to extend the functionalities and 

performance metrics of the OE 480 have been explored. Focusing on the latter, TFS 

developers could show that a mass resolution of up to 2,000,000 at m/z of 200 is 

possible (4s transient time) on an OE 480 with a specifically selected Orbitrap assembly, 

manual mass calibration and fine tuning. If these tuning requirements can be reproduced 

in the serial instrument, this could enable the resolution of fine isotopic structure analysis 

in proteomics, metabolomics as well as trace and petrol analysis.238 Another way of 

increasing mass resolution on the OE 480 is extending the use of ΦSDM to the full mass 

range, as described in this thesis (Article 1). Since transient time and mass resolution 

are inherently linked, ΦSDM can also be used to increase acquisition speed. Achieving 

the same mass resolution in half the transient time is particularly of interest for short 

chromatographic gradients, where peptide signals are compressed to increasingly more 

narrow peaks, that require MS acquisition methods with short cycle times for adequate 

quantification. 

 

Extension of functionalities or information content seemingly focused on two topics: 

collisional cross section (CCS) analysis and targeted proteomics. The CCS of an ion 

reflects its size, shape, and charge and is generally used in structural characterization 

of intact proteins or as an additional metric for separation in ion mobility mass 

spectrometry (IMS).261,262 While the analysis of CCS values usually requires a separate 
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ion mobility device, two ways of measuring CCS on the OE 480 have been proposed. 

Both utilize the ion decay rate in either time or frequency domain, with one primarily 

being used for analysis full protein CCS values263, and the other to the analysis of 

peptide CCS in complex proteomic samples. The latter takes advantage of the decrease 

in full scan resolution observed when operating at elevated ultra-high vacuum pressure 

and high MS1 resolution. Switching between UHV pressure conditions, however, 

requires minor hardware modifications.264,265 

 

Implementation of targeted mass spectrometry similarly has been achieved in different 

ways. On one hand, the use of an application programming interface (API) allows for 

the use of MaxQuant.Live for global targeting and control of data acquisition in real-

time.266 The TFS proprietary SureQuant workflow also offers real-time adjustment, but 

relies on synthetic peptide spike-ins to trigger quantification scans. Predefined template 

methods in the TFS method editor, additionally make this approach more user and 

beginner friendly.267–269 Lastly, a hybrid-DIA approach, using an API for method 

customization, combines the benefits of targeted and discovery DIA. Triggered by the 

use of heavy-labeled peptides, DIA scans are interjected with multiplexed MS2 scan of 

the predefined peptides targets, which allows the targeted acquisition of peptide targets 

and DIA data acquisition in a single run.270 

 

Lastly, I would like to highlight an implementation of ion pre-accumulation on a modified 

OE that allows for an ion trapping and accumulation step in the bent flatapole parallel to 

C-trap operations. In contrast to regular operations, the exit lens of the bent flatapole is 

set to trapping mode at the end of an ion injection to the IRM. While the first ion package 

is transferred from the IRM to the C-trap and subsequently to the Orbitrap, ions are 

accumulated in the bent flatapole. At an acquisition rate of 40 Hz, max. acquisition rate 

of an OE, the instrument sensitivity could effectively be doubled and a 100% duty cycle 

was achieved. Moreover, acquisition rate could be increased to over 80 Hz without a 

decreased duty cycle. This initial, albeit crude implementation showcases the potential 

for proteomics applications and could be especially of interest in combination with an 

inherently faster HRAM analyzer.271 

 

Tribrid MS instrumentation 

Since 2019 two members of the well-established Tribrid platform of TFS instruments 

have been released: the Orbitrap Eclipse and Orbitrap Ascend mass spectrometers. 

The Tribrid instrument platform utilizes the synergy of three different analyzers: the 
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quadrupole mass filter, the Orbitrap analyzer and a dual-pressure linear ion trap (LIT) 

analyzer (Figure 10).240,272,273 This allows for the parallelization of MS1 and MS2 scans, 

where high resolution MS1 scans are recorded in the Orbitrap and fast, high sensitivity 

MS2 scans are acquired in the LT. 

 

 

Figure 10 Schematic of a TFS Tribrid instrument. General instrument design as 

suggested at release of the first Tribrid instrument, which features a quadrupole for mass 

selectivity, an Orbitrap for high resolution MS1 scans and a linear ion trap (LIT) for fast and 

sensitive MS2 scans. Due to the mass analyzer duality, MS1 and MS2 scans be acquired in 

parallel as shown at the bottom right schematic for scan scheduling. Adapted with 

permission from reference240. Copyright (2013) American Chemical Society. 

 

The dual-pressure LIT, was first introduced in the LTQ Velos instrument, back in 2009 

and features, as the name suggests, two ion trapping cells, which are maintained at 

differential pressure levels and separated by a single aperture lens. First a high-pressure 

cell is used for ion trapping, isolation and fragmentation. Second, the low-pressure 

region is used for mass analysis. This dual-pressure design improves efficiency of ion 

trapping and fragmentation, scan rates and mass resolution. 272,274 It additionally allows 

the implementation of alternative fragmentation strategies to HCD. In modern Tribrid 
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instruments, such as the Orbitrap Eclipse and Ascend, these include CID, ETD, UVPD 

and even EThcD. As mentioned previously, these provide complementary ions to HCD 

and are highly beneficial for the analysis of full proteins or PTMs. First tested on a 

modified Orbitrap Fusion Lumos, the Eclipse and Ascend Tribrid MS also implement 

proton transfer charge reduction (PTCR), which is based on the proton transfer from 

multiply charged analyte cations to singly charged perfluoroperhydrophenanthrene 

anions. This leads to the a reduced charge of the analyte cation and shifts the cations 

to higher m/z value, effectively extending the analyte charge envelope.275,276 Over the 

years, this has shown great potential for the targeted analysis of proteins as well as for 

middle down proteomics approaches.275,277–280 In comparison to the Orbitrap Exploris 

series, a commercial upgrade allows for Orbitrap resolution of 1,000,000 at m/z of 200 

on the Orbitrap Tribrid Eclipse MS and the Tribrid MS instruments are capable of MS3 

or MSn analysis, which has proven to be especially effective for TMT, crosslinking mass 

spectrometry and single cell analysis.281–285 For more intelligent selection of ions for MS3 

analysis, the instruments have an inbuilt implementation of the “Real-Time Search” 

algorithm. Active instrument control through an instrument API and the use of Comet, 

an open source search engine, allows to identify fragment spectra on the fly and to only 

trigger the acquisition of quantitative spectra after confident peptide identification.286–289 

As many of the mentioned features improve the analysis of isobaric, specifically TMT, 

labeled samples, it is not surprising that the instruments also feature a TurboTMT 

implementation of ΦSDM.285 

 

In comparison to previous Tribrid instruments, the design of the Eclipse MS already 

featured improvements such as advanced quadrupole mass filter and higher-

transmission ion optics, that lead to an increase in ion transmission of 25-50%. However, 

it still utilized the Orbitrap/C-trap assembly components and electronics from the Q-

Exactive series.285 In the state-of-the-art Tribrid instrument, the Orbitrap Ascend, this is 

updated to feature the improved Orbitrap/C-trap design of the Exploris series, mentioned 

before. Moreover, the updated instrument design includes a new ion funnel for gentler 

ion injection and, most notably, a second RF-only IRM in front of the C-trap.290 Together 

this lead to increased ion transmission, sensitivity, and speed, which translates into 

increased identification rates for proteome and PTM analysis.290,291 Additional 

fragmentation modes, MSn functionality, and extended mass range make the Tribrid 

instruments particularly suitable for top or middle down proteomics, and the analysis of 

labile PTMs, where these functionalities are of higher value.292 
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Orbitrap Astral MS - a novel HRAM Orbitrap-TOF instrument 

Overall, the Exploris, Tribrid, and other Orbitrap MS instruments, especially in 

combination with front end accessories, showcase the strengths of the Orbitrap 

technology, namely high resolution, mass accuracy and dynamic range. However, the 

technology also has its limitations. The Orbitrap has slower acquisition rates and 

sensitivity in comparison to other MS instrumentations, such as high-end time-of-flight 

(TOF) analyzers. While single-ion detection has been shown to be possible, this required 

transient times of multiple seconds.293 With high resolution in FT-MS inherently being 

linked to the transient time, Orbitrap resolution additionally needs to be balanced with 

scanning speed for proteomics applications. Size-constraints additionally limit the 

charge capacity and too high ion load leads to space-charging effects, impacting 

resolution.294,295 While the addition of a linear ion trap in TFS Tribrid instruments 

addresses some of these limitations, ion traps cannot provide the same level of mass 

resolution and accuracy as HRAM mass analyzers. While many labs still prefer Orbitrap-

based instruments, recent improvements in TOF technology - like Bruker's timsTOF and 

SCIEX's ZenoTOF - have gained popularity due to their enhanced sensitivity, resolution, 

and speed.85,292,296–299 Particularly, the timsTOF instrument series, with its 

implementation of TIMS and the PASEF acquisition mode, surpassed the Orbitrap 

technology in terms of speed, sensitivity and duty cycle.85,94,300 

 

In 2023, TFS introduced some of the previously mentioned technical advances on their 

Exploris and Tribrid series and worked on new analyzer concepts, which ultimately lead 

to the introduction of a novel HRAM mass spectrometer, the Orbitrap Astral MS. The 

asymmetric track lossless (ASTRAL) analyzer is a multi-reflector (MR) type TOF 

comprised of two elongated, asymmetric ion mirrors, a pair of prism-shaped deflectors 

and specifically shaped electrodes, termed ion foils.301,302 

 

A brief history of multi-reflector time of flight (MR-TOF) analyzer: In and of itself, 

MR-TOF is not a novel idea. As resolution in TOF MS is dependent on the total length 

of the ion flight path, it is no surprise that the idea to reflect ions using electrostatic 

mirrors first arose in the 1950s and was implemented in the 1970s.303,304 In general, MR-

TOF mass spectrometer utilize repeated ion reflections between electrostatic mirrors to 

achieve flight paths significantly longer that the instruments dimensions.305–308 Over the 

years, many researchers have developed different versions of MR-TOF instruments, 
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each offering unique advantages and limitations.309–313 Notably, Anatoly Verenchikov 

and his company MSC-CG Ltd made significant advances in MR-TOF technology. Their 

work contributed to Waters Corporation's development of a high-resolution MR-TOF 

analyzer, now used primarily in imaging mass spectrometry.308,314 Building on these 

technological advances, multiple patent applications by TFS suggest that work on a MR-

TOF type mass spectrometer has been ongoing for at least 10 years.315–319 Before they 

arrived at the released Astral analyzer, other avenues, such as the concept of a so-

called OrbiTOF analyzer were explored (Figure 11).320 

 

Figure 11 Schematic of the OrbiTOF design and ion motion. Reprinted with permission 

from ref320, Copyright (2024) Elsevier under license 5901441070212. 

As the name suggests the MR-type OrbiTOF analyzer is based on the Orbitrap 

technology with the addition of periodic lenses, termed “button” lenses, that are wrapped 

around the central electrode. Shortly, ions are accumulated in an ion trap, before being 

pulsed between the inner and outer electrode of the OrbiTOF analyzer. There, ions turn 

around the inner electrode as they additionally drift to the top of the analyzer, before 

being reflected back by a quadratic mirror potential. By the time the ions pass the 

injection slot at the equator, they have performed a single orbit around the inner 

electrode and are refocused by the first of a periodic series of button lenses. As ions 

continue to oscillate around the inner electrode they pass the subsequent button lenses, 

which prevents beam dispersion, and finally hit a multi-channel plate detector. While this 

approach could achieved mass resolution up to 70,000, because of limitations in ion 
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transmission as well as flaws concerning the button-lens based refocusing, the 

development was discontinued in favor of the Astral MR-TOF concept.301,302,319,320 

 

The Orbitrap Astral MS components: The Orbitrap Astral (OA) MS marks the start of 

a new instrument line, which combines TFS advanced quadrupole and Orbitrap 

technologies with the novel Astral analyzer, and is a step up in sensitivity, resolution and 

speed in comparison to previous instrument generations. 301,302 While OA components 

up until the IRM are kept consistent with the OE 480 MS, the IRM is then interfaced with 

the secondary instrument part through an octupole ion guide. For optimal instrument 

performance, the novel Astral analyzer is complemented by advanced ion optics, a novel 

so-called ion processor and a custom-design high dynamic range (HDR) detector 

(Figure 12).321,322 

 

Figure 12 Schematic representation of the Orbitrap Astral mass spectrometer. The OA 

instrument design is based on the Orbitrap Exploris series and all instrument components 

up until the IRM are kept consistent with the OE 480 MS. The IRM is then interfaced to the 

ion processor, a dual-pressure trap, through an octupole ion guide. The ion processor 

accumulates, fragments and thermalizes ions prior to orthogonal pulsed extraction into the 

Astral analyzer. Ions are traverse the space between two asymmetric ion mirrors on a 

multireflection path until they reach the high dynamic range (HDR) detector. Reprinted from 

reference302  as permitted by the CC-BY-NC-ND 4.0 international license. 

 

Ion processor: The novel ion processor, a dual-pressure linear quadrupole ion trap, 

serves the purpose of ion accumulation, fragmentation, and extraction for subsequent 
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analysis in the Astral analyzer (Figure 13). In the high-pressure region of the ion 

processor, ions are first accelerated and undergo HCD fragmentation. 

 

Figure 13 An ion processor for parallelized ion processing. Schematic representation 

of the ion processor featuring a high- and low-pressure region for accumulation, 

fragmentation, thermalization and orthogonal ion extraction. Reprinted from ref322 as 

permitted by CC-BY-NC-ND 4.0 international license. 

They are subsequently moved to the far end of the high-pressure region by a DC 

gradient, where they accumulate and are subjected to thermal cooling, before being 

transferred to the low-pressure region by an increase in the DC offset. Here auxiliary 

DC electrodes move the ions along RF ion guides to an axial potential well in the center 

of the low-pressure region, where there are stored and thermalized for subsequent 

orthogonal pulsed extraction into the mass analyzer. Ejection of ions is achieved by 

raising the low-pressure region to a higher potential, which accelerated the accumulated 

ions towards the Astral analyzer (Figure 14). Parallel to the pulsed ion extraction, the 

high-pressure region of the ion processor is reopened for accumulation and 

fragmentation of a second ion package. Overall, the dual pressure design of the ion 

processor enables high ion transmission, as well as the parallelization of ion processing 

steps for maximum instrument utilization.302,322 
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Figure 14 Potential and ion processing sequence in the ion processor. Ions are injected 

into the high-pressure region, fragmented and subsequently accumulated and “cooled” at 

the rear end of the high-pressure region. An increase in DC potential allows the ions to move 

to the low-pressure region, where the ions are thermalized in an axial potential well. Ions are 

then lifted to higher potential for orthogonal extraction. Reprinted from ref322 as permitted by 

CC-BY-NC-ND 4.0 international license. 

 

Astral analyzer: The Astral mass analyzer is a multi-reflector-type TOF analyzer that 

utilizes two elongated asymmetric gridless ion mirrors and ion foils to create a multi-

reflection ion flightpath of ~30 m. After extraction from the beforementioned ion 

processor, ions packages pass through the injection optics, comprised of a pair of lenses 

and two electrostatic prisms, and are shaped, focused, and then deflected at an optimal 

injection angle. Ions now oscillate between the ion mirrors and drift towards the rear end 

of the mirror length. Over the course of 12-13 reflections, the ion drift rate is decelerated 

by the slight, converging mirror tilt and ultimately reversed. This reversion is primarily 

achieved by a returning electrostatic potential, which is formed by a combination of 

mirror tilt and refraction on a set of specially shaped electrodes, termed ion foils. The 

ion foils additionally compensate for temporal aberrations and potential misalignment of 

the asymmetric ion mirrors. After another 12-13 reflections, the ions pass the second 

electrostatic prism and are deflected to the HDR detector, which is located at the 

proximal end of the ion mirrors. Over the full course of 24-26 oscillations, and a total 

flight path of ~30 m, the ion packages are separated based on the m/z values. Drift 

expansion, during the first set of oscillations towards the distant mirror end, lead to a 
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spatial dispersion of up to 5 cm. While this is essential for decreasing Coulomb repulsion 

forces, it also leads to overlapping of oscillations of different ion populations. The drift 

spread, however, is reduced on their returning oscillations and the ions are refocused 

spatially as a single ion package for before reaching the detector.301,302,323 While multiple 

options for dispersion control were tested, the described implementation outperformed 

them.324 Overall, the combination of optimal injection optics, gridless design, and spatial 

refocusing allows for very high ion transmission through the Astral analyzer, which 

inspired the inclusion of “lossless” in the Astral abbreviation.301,325 Though it should be 

noted that this is to be considered “relative lossless” in comparison to other TOF 

analyzers. While the Astral analyzer has a reduced charge capacity in comparison to 

the Orbitrap, the sensitivity and low noise levels in combination with advanced detector 

technology enable single ion detection. Moreover, the long flight path routinely enables 

mass resolution of over 80,000. 

 

High dynamic range (HDR) detector: To fulfil the speed, dynamic range and resolution 

requirements of the Astral analyzer, a novel HDR detector was designed and 

manufactured in a cooperation between TFS and El-Mul Technologies Ltd.321 The 

detectors features a unique combination of 10 kV post-acceleration with an integrated 

correction for ion package tilt, BxE (crossed magnetic and electrostatic field) focusing, 

an optically coupled detector, pre-amplification and dual channel acquisition (Figure 

15). After ions completed their oscillations between the asymmetric ion mirrors, they are 

 

Figure 15 A novel high dynamic range detector. (a) Arrangement of ion optics in the 

Astral analyzer. (b) Schematic of the high dynamic range (HDR) detector assembly, 

including the post accelerator stack and insulating ceramic division. (c) Schematic of the 

HDR detector. Adapted from ref321 as permitted by CC-BY-NC 4.0 international license. 

deflected towards the detector (Figure 15a). A post-accelerator accelerates the ions 

from 4 kV to 14 kV and focuses them on the detector plate (Figure 15b, c). A “deflector” 
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in close proximity to the detector allows for controlled tilting of the focal plane to align 

the ion trajectory with the detector surface and compensates potential small mechanical 

errors. Ions enter the detector through an entry slot, strike a conversion dynode, and 

produce secondary electrons. These focus in the BxE field and produce photons when 

they converge with a scintillator. The photons in turn travel to the photomultiplier tube 

(PMT), where the photon signal is amplified. To improve dynamic range of the detector, 

the PMT output is split into two channels, each with their own amplifier, where one 

channel gets amplified fivefold, while the other gets reduced to half its original level. The 

high and low gain signals are then directed to separate analogue-to-digital-convertor 

channels within a dual-channel digitizer. After noise thresholding in the digitizer, the data 

from both channels is transferred to the instrument embedded PC and combined in a 

single mass spectrum. Overall, the HDR detector achieves an intra-scan dynamic range 

of 4 orders of magnitude, resolution of over 100,000, effective single ion detection and 

a relative immunity to detector aging for an increased lifetime.321 

 

Mode of operation: Similar to the Tribrid series, the OA is operated in Orbitrap/Astral 

mode, meaning MS1 scans are recorded in the Orbitrap, while simultaneous MS2 scans 

are recorded in the Astral analyzer. While the instrument can additionally be operated 

in Orbitrap/Orbitrap mode, the Astral analyzer can, at the moment, be exclusively used 

for MS2 acquisition. For MS1 scans, the quadrupole transmits ions of a wide m/z range 

to the C-trap, before they continue to the IRM for trapping and accumulation. During the 

accumulation in the IRM, ions are “cooled” before being transferred back to the C-trap 

and from there into the Orbitrap analyzer, once the desired number of charges is 

reached. For Orbitrap MS2 scans, selected precursor ions are subjected to HCD 

fragmentation in the IRM prior to mass analysis. For Astral MS2 scans, the selected 

precursor ions are routed through the C-trap to the far end of the IRM, where they are 

set to accumulate for a defined amount of time. The ion package is then transmitted 

through the octupole ion guide to the ion processor, where the ions are subjected to 

HCD fragmentation, thermalized and injected into the Astral analyzer for mass analysis. 

When both analyzers are being utilized, MS1 and MS2 scans can be acquired in parallel. 

In this case, the advanced ion control enables the simultaneous handling of five ion 

packages. While the Orbitrap is performing an MS1 scan using the first ion package, a 

second ion package is accumulated in the ion routing multipole. The segmented, dual 

pressure nature of the ion processor allows for the handling of two additional ion 

packages, one in the high-pressure region, where peptides are being fragments prior to 
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MS2 analysis, and the other in the low-pressure region, where the ion package is being 

focused prior to injection into the Astral analyzer. The fifth and final ion package is, 

therefore being analyzed in the Astral analyzer. Fast Astral scanning speeds of up to 

200 Hz make the Orbitrap Astral analyzer ideal for DIA applications using narrow, DDA-

like DIA isolation windows.302,326,327 The fast scanning speed in combination, with high 

resolution (>80,000 at m/z 524), mass accuracy (<5ppm) and sensitivity (single ion 

detection), make it one of the highest performing MS for proteomics applications at the 

moment. In the less than 1.5 years since its release, ~100 publications - peer-reviewed 

or preprinted - have been published covering a wide range of applications for proteomics 

and beyond.214,326–329 

 

Comparison to state-of-the-art TOF analyzers: While TFS primarily relied on the 

Orbitrap technology, in combination with a quadrupole (Q) and in the case of the Tribrid 

series the LIT, for their HRAM mass spectrometers, many other vendors have advanced 

their TOF analyzer technology. One break-through on this front was the introduction of 

Bruker’s high-resolution Q-TOF, the Impact II.296 Building on this technology, they later 

introduced a TIMS device for an added ion mobility dimension and increased ion 

usage.85,223 However, many other vendors also have high resolution Q-TOF instruments 

in their portfolio. Notable examples include Agilent’s 6546 Q-TOF and 6560 IM Q-TOF, 

Waters’ Synapt XS and Select and Select cyclic IMS series, and SCIEX’s ZenoTOF 

instruments.330–335 

 

TOF design and resolution: Most TOF instruments share a basic design: an 

orthogonal accelerator pushes ions into a long flight tube, where they travel up to a 

reflectron, bounce back, and hit a detector at the bottom of the tube. Similar to the Astral 

analyzer, the Waters’ instrument lines, however, also feature a MR-TOF using gridless 

ion mirrors. While the instruments achieve impressive resolution of > 300,000 at m/z 

785, they are comparatively slow with a scan speed of 30 Hz, and are as of yet primarily 

used for imaging mass spectrometry. It does, however, highlight the key benefit of MR-

TOF designs, which is high resolution without the need of an extensively long flight tube. 

In line with this, the Astral analyzer offers the highest achievable resolution in 

comparison to the other ESI-Q-TOF instruments discussed, followed by the Bruker 

timsTOF instruments. 

 

Scan speed: In terms of speed, both the Agilent and Waters instruments have 

comparatively low scan rates with up to 50 Hz and 30 Hz respectively, however both of 

their primary applications lie outside of the analysis of complex bottom-up proteomics 
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samples. As mentioned before, the Waters instruments are interfaced with ion sources 

for matrix-assisted laser desorption ionization (MALDI) and desorption electrospray 

ionization (DESI) and used for imaging MS, while the mentioned Agilent instrument find 

application in metabolomics and food safety. In these cases, the reduced scan speed 

might have less of an impact. Bruker TimsTOF Pro 2 instruments reach a scan rate up 

to 120 Hz in dda-PASEF, while their HT, SCP and Ultra models can reach up to 300 Hz. 

The SCIEX ZenoTOF 7600 can reach scan speeds of up to 133 Hz, though their newest 

release the ZenoTOF 7600+ promises up to 640 Hz. The Astral analyzer can reach up 

to 200 Hz. 

 

Sensitivity: The sensitivity of LC/MS instruments generally refers to their ability to 

identify and quantify low concentrations of analytes. This is expressed as a signal-to-

noise ratio, which infers that sensitivity can be improved either through increased signal 

intensity or by reducing noise. On the other hand, sensitivity is decreased by ion losses 

and poor ion utilization. For conciseness of the sensitivity comparison, I will limit it to the 

ESI-Q-TOF instruments with application in proteomics, namely from Bruker, TFS, and 

SCIEX. Overall, their state-of-the-art Q-TOF instruments are all highly sensitive and 

enable the proteomics analysis of low input samples down to single cells.217,297,336 In the 

Orbitrap Astral MS, ion transmission is exceedingly high. However, when using narrow 

window DIA only a fraction of the ion beam is actually used for each subsequent MS2 

scan. In comparison to this, both the ZenoTOF and timsTOF MS implement a pre-

accumulation of ions, followed by transmission of these ion packages. In the case of 

ZenoTOF instruments the accumulation is performed in a so-called ZenoTrap, which 

ejects the accumulated ions into the TOF analyzer. This greatly enhances ion utilization 

and consequently sensitivity. While ion transmission for MS1 scans across the 

instrument platforms is generally >90%, Q-TOF instruments generally suffer significant 

ion losses in the orthogonal accelerator and in the flight tube. In the Bruker Impact II 

(2015), this culminated in the ion loss between the quadrupole and flight tube of ~40%. 

Overall transmission in the flight tube was reduced to 74% due to the restricted grid 

transmission of the reflectron.296 While improved ion optics and ion focusing techniques 

can  improve ion transmission between the quadrupole and TOF flight tube, this remains 

a bottleneck for sensitivity.297 Likewise optimization of the reflectron grids or gridless 

TOF designs can further increase sensitivity.325,337 This is highlighted by the single ion 

resolution that can be achieved with the gridless ion mirror design of the Astral 

analyzer.301 Ion losses are further reduced by optimal injection optics, initial drift 
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expansion (to reduce Coulomb forces) followed by spatial refocusing on of the ions, as 

well as by operating the analyzer at a pressure below 10–8 mbar (reduced collisional ion 

losses), leading to a (near) lossless ion path to the Astral analyzer.301,302 

 

Overall, each of these instruments achieve high performance LC/MS analysis, has their 

advantages and limitations. While vendor patents often limit the dissemination of novel 

technological advancements, they can none the less serve as inspiration for further 

improvements. 

1.3.3 Potential future directions of the Orbitrap Astral platform 

As the Orbitrap Astral instrument was only introduced in June 2023, we can expect the 

instrument platform to mature over the next years. An updated software release, 

expected for release in June 2025, might reintroduce functionalities available for the 

previous instrument platforms, such as a SureQuant-like targeting, and stepped collision 

energies. Without direct intel from the mass spectrometry manufacturers, it can be 

difficult to guess what improvements or innovations will be released next, but practical 

considerations as well as literature and patent review might give some insights. 

 

As a first, it could be of interest to enable Astral MS1 scans, which would allow 

acquisition rates that surpass the Orbitrap’s capabilities. A patent from TFS, covering 

tandem MS1 acquisition in two different analyzers, one being the Orbitrap, and the other 

being referred to as a TOF, suggests that that Astral MS1 is actively investigated.338 For 

this, one should however consider the lower resolution and dynamic range of the Astral 

analyzer in comparison to the Orbitrap. Dynamic range limitations might be addressed 

by further improvements in detector technology, whereas increased mass resolution 

relies on a longer TOF ion path. While increasing the size of the Astral analyzer might 

neither be feasible nor desirable, multi-pass methods, where ions traverse the Astral 

analyzer for more than one pass, have recently shown the ability to potentially double 

the achievable mass resolution.339 

 

In comparison to other state-of-the-art TOF instruments, the ion utilization and duty cycle 

of the Astral analyzer is comparatively low. While advantageous for selectivity, dynamic 

range and deeper proteome coverage, the current operations using narrow window DIA 

discard a large percentage of the ion cloud. The implementations of pre-accumulation 

step could overcome these limitations. Ion pre-accumulation in the IRM has already 

been proposed for the Exploris platform and could, if initial results are confirmed, be 

adapted to the Orbitrap Astral instrument. A so-called “ion guide” patent, showing an 
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different ion guide concepts that are supposed to facilitate ion path length differences, 

as well as their implementation in an Orbitrap MS between bent flatapole and 

quadrupole, could be interpreted as an inbuild mode of separation in addition to the 

quadrupole.340 

 

While TFS seems to be working on incorporating the measurement of CCS values in 

the Astral analyzer, the current design does not include an IM device. Based on the 

description, the idea seems to be utilizing the same principle as suggested for the 

Orbitrap Exploris, where a spectrum is acquired at two different pressure levels to infer 

CCS.265,341 It will be interesting to see how the CCS information will be utilized in such 

an approach. Nonetheless, a future implementation of an integrated IM dimension could 

be a valuable addition, especially in combination with a trapping function similar to TIMS. 

 

For direct transfer from targets identified with Astral discovery DIA to a targeted assay, 

implementation such as SureQuant could improve easy-of-use. With the recent 

developments in targeted proteomic instrumentation in mind, the transfer of the adaptive 

real-time retention time alignment technology, from the TFS Stellar MS to the Astral, 

additionally would be highly beneficial.342,343 

 

In line with the Tribrid instrument series, another interesting direction could be the 

integration of fragmentation techniques beyond HCD. This would allow the generation 

of complementary fragment ions and enable more detailed analysis of PTMs, intact 

proteins, as well as increased sequence coverage. While a biopharma option of the 

Orbitrap Astral was available at the release in 2023, this only includes extended mass 

range up to m/z of 8,000 for the Orbitrap analyzer. In line with the potential for Astral-

based MS1 analysis, it might be needed to increase the covered mass range to allow 

for the analysis of intact proteins and biomolecules. 

 

As many of the discussed applications and functionalities might require hardware and 

electronics changes, one will have to wait until the reveal of a 2.0 version of the Orbitrap 

Astral to find out which, if any, of the mentioned patents have been implemented. 
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1.4 Applications of MS technology for clinical and spatial proteomics 

 

Although MS technology, innovation and MS method development were the central to 

my PhD research, the continuous improvements in resolution, sensitivity, speed and 

robustness were implemented with the intension to further our knowledge and find 

answers to biological or clinical questions. In other words, they were made and meant 

to be applied. In the following sections, I briefly highlight a few applications relevant to 

the projects presented in my thesis. 

1.4.1 Clinical proteomics 

The proteome, with its dynamic changes in protein abundance, localization, and diverse 

proteoforms, is our closest proxy to understanding cellular phenotype. Its high 

adaptability to both intrinsic and extrinsic changes make it an invaluable window into 

cellular function. As such dysregulation and the manifestation of disease often occurs 

on the protein level, making proteins ideal candidates for disease biomarkers or potential 

therapeutic targets.14–17,344–347 Here, MS-based proteomics allows for the systematic 

evaluation of protein-level changes caused by disease manifestation, progression, and 

treatment administration. Moreover, once potential biomarkers have been identified, 

targeted mass spectrometry could offer a high throughput solution for the identification 

and quantification of protein markers in clinical testing.109,342,348–351 

 

The study of proteomic changes in health and disease can utilize various sample types, 

each with unique advantages and limitations. While cell cultures and model organisms 

offer accessible approaches to studying human diseases, they often struggle to fully 

replicate in-vivo disease phenotypes. Patient-derived cell culture or organoid models, 

especially in combination with xenotransplantation can alleviate some of these 

limitations.352–359 On the other hand, clinics routinely collect patient material in the form 

of body fluids, punch biopsies and surgical tissue specimens that offer direct insights 

into disease pathology in the human body. 

 

When working with patient material, a key consideration for clinical proteomics is the 

assembly of well stratified clinical cohorts. Balancing potential confounders, such as 

age, biological sex, life style, etc., between case and control cohorts can reduce the 

chance study biases and misinterpretation of biomarker relevancy.360–363 Larger cohort 

sizes, additionally enable higher statistical power particularly in the study of diseases 

with low effect size, and decrease the effect of cofounders (Figure 16).361,362 While this 

was previously limited by long sample acquisition times, advances in LC and MS 
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technology now enable the routine analysis of thousands of samples.64,364–366 Another 

important aspect is the standardization of sample collection to prevent batch effects and 

sample contamination.367 This is particularly crucial for blood plasma proteomics, where 

contaminations, for instance with cellular blood components, greatly affects sample 

integrity and the validity of potential biomarker discoveries.344 

 

Figure 16 Clinical cohort design. Larger cohort size for discovery proteomics offers the 

double benefit of increasing disease effect size and reducing the influence of cofounders, 

such as patient age, biological sex, and lifestyle. This enables more confident identifications 

of potential biomarker. Adapted from ref361 as permitted by the CC-BY 4.0 international 

license. 

The analysis of blood plasma offers a minimally invasive strategy to evaluate proteomic 

changes in health and disease. Obtained through the removal of cellular blood 

components, blood plasma generally contains three classes of proteins: Classical 

plasma proteins that are generally produced in the liver, secreted and have an active 

function in the blood, immunoglobulins, and so-tissue leakage proteins that are released 

into the blood stream after tissue damage, and could potentially serve as 

biomarkers.362,368–371 A notable example for this are cardiac troponins, which are 

routinely used in clinical analysis for the diagnosis of acute myocardial infarction.372 In 

depth analysis of the plasma proteome by MS, however, is limited due to the large 

abundance range in plasma. From the most abundant to the least abundant protein, 

plasma is expected to span at least 12 orders of magnitude. Additionally, about half of 

the protein content in plasma is comprised of the classical plasma protein serum 

albumin, and the 15-20 top most abundant proteins account for about 99% of the 
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biomass.362,369,370,373,374 As modern mass spectrometers can often only cover about 5 

orders of magnitude within a single scan, these high abundant proteins limit the 

identification of lower abundant proteins. More advanced data acquisition methods, such 

as narrow window DIA, or additional orthogonal peptide separation, e.g., through ion 

mobility implementations, can alleviate some of these difficulties. Moreover, multiple up-

stream sample processing steps for selective enrichment/depletion of plasma proteins, 

e.g., using antibodies, acid precipitation or nanoparticles, have been implemented. In 

combination with highly sensitive MS instrumentation, such as the Orbitrap Astral of 

timsTOF HT mass spectrometers and optimized acquisition strategies, these methods 

now enable identification of 1000-2000 proteins in a single LC/MS run.327,366,373,375–380 

 

Fresh frozen or FFPE patient tissue samples, albeit more invasive than plasma, allow 

for greater reflection of disease manifestation and progression by directly analyzing 

proteins in the affected tissues. Higher concentration of disease-relevant proteins and 

less dynamic range issues than plasma, might aid in the discovery of disease 

biomarkers or therapeutic targets. Over the years, many atlases for in depth 

characterization of organ-specific proteomes in health and disease have been published 

and serve as great resources for the continued investigation of disease phenotypes.381–

388  Additionally, analysis of patient tissue retains the cellular context and allows for 

studying cell-type dependent effects, the analysis of cell-cell interactions and signaling. 

In combination with microscopy, histological staining approaches, and laser-

microdissection this moreover provides a spatial aspect by enabling the analysis of 

different regions within a tissue, including the tissue microenvironment, or even more 

fine-grained proteomic analysis at cell type resolution. This offers unique insights into 

disease progression and heterogeneity.389–395 

 

1.4.2 Deep Visual Proteomics 

Many diseases manifest in the tissues of our bodies and change their normal 

morphology. These observed changes can be traced back to innumerable molecular 

changes on the level of single cells, each contributing to a heterogenous mosaic of cells 

in the unique tissue architecture. Conventional proteomics approaches, however, often 

lose this spatial information through the analysis of bulk tissue or even sorted cells. To 

overcome these limitations, several spatial proteomics techniques have been developed 

over the years. MS imaging, for instance, directly maps the spatial distribution of proteins 

using a focused ionization beam to acquire mass spectra of defined tissue regions within 

a sample.396–398  Multiplexed ion beam imaging and imaging mass cytometry on the other 
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hand utilize metal-labeled antibodies for protein mapping.399,400 Another approach is the 

systematic antibody-based analysis of proteins to determine their cell type and tissue 

specificity, as well as their subcellular localization. One such effort is the Human Protein 

Atlas, a spatial proteomics resource that aims to map the entire human 

proteome.384,401,402 

 

While these approaches have their benefits, our group aimed to combine several layers 

of technology to generate molecular proteomic maps at single cell (type) resolution. 

Termed Deep Visual Proteomics (DVP), this recent innovation combines high content 

imaging, machine-learning assisted image-based cell classification and segmentation, 

with laser-microdissection and high-sensitivity LC/MS (Figure 17).395,403 DVP can be 

used to investigate cell-type resolved proteomes from fresh frozen as well as FFPE 

tissue, while preserving the spatial context. Briefly, tissue sections, mounted on 

membrane slides404, are stained by immunohistochemistry or immunofluorescence to 

define cellular features, such as the cell shape, diameter or granularity, and differentiate 

between different cell types of interest by targeted staining. Extensions of this protocol 

now allow for highly multiplexed staining.405 After high-resolution microscopy images of 

the stained tissue sections are acquired, pre-trained deep learning-based models are 

applied for image-based cell segmentation using the BIAS software, Cellpose or other 

tools for biological segmentation.395,406,407 Cells of interest are then excised using laser-

microdissection at single cell resolution. The excised cells are directly collected in 96- 

or 384-well plates and subjected to automated sample processing in low volumes for 

optimal protein retention. Digested proteins are separated using liquid chromatography 

and measured on a high-sensitivity mass spectrometer. In a standard DVP experiment, 

multiple hundred cell shapes per cell type or morphological feature are pooled to obtain 

high proteomic depth and a robust cellular phenotype. While the original manuscript 

analyzed 500-1000 cell shapes per cell type and achieved a proteomic depth of ~5000 

protein groups, recent innovation in MS technology maintain high proteomic depth at 

greatly reduced input material (~100 shapes).408–410 

 

Pushing this to the next level, colleagues in the department developed a workflow to 

enable the analysis of single cells.297,411 Based on other single cell omics, such as single 

cell transcriptomics, single cell proteomics aims to analyze individual cells to capture 

cell heterogeneity and reveal cellular dynamics, among others. Due to the limited sample 

amount, achieving biologically relevant proteomics depth has been challenging. 
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However, the rapid advances in cell isolation, sample preparation and MS technology 

now enable to measure up to multiple thousand protein groups from single 

cells.61,214,215,217,248,297

 

Figure 17 The Deep Visual Proteomics (DVP) workflow. DVP combines high content 

imaging, machine-learning assisted image-based cell classification and segmentation, with 

laser-microdissection and high-sensitivity LC/MS. This allows the analysis of cell type-

resolved proteomes while preserving their spatial context in the analyzed tissue. Adapted 

from ref403. Copyright (2022) Elsevier under license 5902730019602. 

 

For classic single cell proteomics approaches cultured cells are usually dissociated and 

sorted, for instance using the cellenONE cell sorter.412,413 In comparison to this, single 

cell deep visual proteomics (scDVP) extends single cell proteomics to the intact tissue 

context. Initially applied to the analysis of single hepatocytes to evaluate proteomics 

changes along the portal to central vein axis in murine liver, scDVP allows to map the 

protein abundances of single cells back to their spatial location in tissue samples.411  

Apart from the study of tissue zonation effects, this is also advantageous for the analysis 

of disease pathologies with a defined spatial component. One such example is the 

distribution of cells with alpha-1 antitrypsin aggregates in fibrotic liver sections of patients 

with alpha-1 antitrypsin deficiency presented in this thesis (Article 6). 

Since its introduction in 2022, DVP has been applied to study a multitude of pathological 

conditions, such as colorectal adenoma414, borderline ovarian cancer394, and Hodgkin’s 

lymphoma.415 In this thesis, we additionally showcase its potential for personalized 
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medicine in signet-ring cell carcinoma, the evaluation of model systems for human 

disease and elucidating proteotoxic stress signals in Alpha-1 antitrypsin deficiency 

(Articles 4-6). Most notable, DVP demonstrated a breakthrough recently by revealing 

the involvement of the JAK/STAT signaling pathway in a lethal skin disease called toxic 

epidermal necrolysis, which lead to the successful treatment of ten patients with already 

FDA-approved JAK inhibitors. This highlights the translatability of DVP for clinical 

applications.410 
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2. Aims of the thesis 

As discussed in the introduction, advances in MS-based proteomics are greatly driven 

by innovations in MS technology. In recent years, novel instruments have further pushed 

the boundaries on sensitivity, acquisition speed, and accuracy, which now enables the 

routine analysis of thousands of clinical samples, near full proteomes and even single 

cells. While state-of-the-art MS technologies provide a basis for these applications, it is 

necessary to optimize instrument parameters and acquisition strategies to utilize them 

to their fullest potential. Having been involved in the technical evaluation of state-of-the-

art instrumentation201 during my master thesis, I developed a great interest in MS 

technology itself and further explored this topic during my PhD. Overall, the overarching 

focus of my thesis was to evaluate MS technologies, contribute optimal MS acquisition 

strategies, and apply them to clinical and spatial proteomics. This goal also included, 

facilitating a number of projects within the lab by giving introductions to MS technology, 

designing DIA methods or directly advising on and designing acquisition strategies.  

 

Translating the previously used setup and method to the state-of -the-art LC/MS setup, 

I optimized a faster acquisition strategy for plasma proteomics, which we applied to 

studying the effects of muscle loss in humans undergoing bedrest (Article 2). Focusing 

on further extending the functionality of existing hardware, I collaborated with Thermo 

Fisher Scientific to evaluate the full mass range application of a computation approach 

to either increase the mass resolution or decrease the acquisition time of Orbitrap mass 

spectrometers (Article 1). As MS applications are increasingly moving to shorter 

gradients, acquisition speed is particularly limiting. Here, ΦSDM could significantly 

increase the performance of Orbitrap instrumentation without having to upgrade the 

existing hardware.  

 

Through our long-standing collaboration with Thermo Fisher Scientific, I then had the 

opportunity to gain pre-access to the Orbitrap Astral MS and used my obtained 

knowledge to optimize DIA acquisition methods for the application in our lab, including 

full proteome analysis, multiplexed DIA, and low input applications. To fully make use of 

this data and to establish a framework for the analysis of upcoming acquisition 

strategies, I contributed to a modular, open-source framework, for the analysis of DIA 

data, which is particularly suitable for data produced on state-of-the art time-of-flight 

(TOF) analyzers (Article 3). The sensitivity, acquisition speed, and resolution of the 

Orbitrap Astral MS has shown to be particularly advantageous for low input applications 

and is broadening the applicability of deep visual proteomics (DVP). Three such DVP 
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applications are included in this thesis. Focusing first on tissues from a single patient 

with signet ring cell carcinoma (SRCC), we showcased the potential of DVP for 

personalized medicine and were able to propose a treatment option that effectively 

halted tumor progression (Article 4). We next used DVP in combination with the Orbitrap 

Astral MS to evaluate the phenotypic shifts after xenotransplantation of organoid 

models. In a human mucosa model, we could show that xenotransplanted tissue was 

closer to human physiology and regained its functional profile in comparison to in-vitro 

organoid cultures highlighting the potential of this approach for studying human disease 

(Article 5). Lastly, we extended the previously described single cell DVP (scDVP) 

workflow to formalin-fixed paraffin-embedded (FFPE) tissue, increasing the proteomic 

depth by 50% using optimized variable window methods, and applied it to study 

proteotoxic stress in alpha-1-antitrypsin deficiency (Article 6). 
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3. Publications 

3.1 Expanding the usability of MS technology 

 

Paired with fast LC systems, modern MS has especially shown potential for applications 

with clinical application, such as the identification of biomarkers in human health and 

disease.361 While novel mass spectrometers offer great potential, multiple factors can 

limit the usability of novel instrumentation. One of these is the cost associated with novel 

high-resolution MS instruments, which make upgrading to the latest releases a privilege 

of well-funded institutions. To bridge this performance gap, we evaluated a 

computational solution to increase the acquisitional speed or resolution of existing 

Orbitrap MS instruments (Article 1). As part of the MARS-PRE project, funded by the 

Italian Space Agency, we evaluated the effects of muscle loss, caused by bed rest or 

cancer cachexia, on the plasma proteome (Article 2) using the at the time state-of-the-

art Exploris480 MS. Another limitation can be the available analysis software suits, as 

these might not be able to handle novel acquisition methods or the amount of data 

produced my modern mass spectrometers. To overcome this, we introduced AlphaDIA, 

a modular, open-source framework for DIA analysis (Article 3). 

Article 1: Full Mass Range ΦSDM Orbitrap Mass Spectrometry for DIA Proteome 

Analysis 

Molecular and Cellular Proteomics 23(2), 100713 (2024) 

 

Sophia Steigerwald1, Ankit Sinha1, Kyle L. Fort2, Wen-Feng Zeng1, Lili Niu3, Christoph 

Wichmann4, Arne Kreutzmann2, Daniel Mourad2, Konstantin Aizikov2, Dmitry Grinfeld2, 

Alexander Makarov2, Matthias Mann1,3, and Florian Meier1,5* 

 

1Department Proteomics and Signal Transduction, Max Planck Institute of Biochemistry, Martinsried, 

Germany; 2Thermo Fisher Scientific (GmbH), Bremen, Germany; 3Department Clinical Proteomics, NNF 

Center for Protein Research, University of Copenhagen, Copenhagen, Denmark; 4Department 

Computational Systems Biochemistry, Max Planck Institute of Biochemistry, Martinsried, Germany; 

5Functional Proteomics, Jena University Hospital, Jena, Germany 

*Corresponding author 

 

Since their commercialization in 2005, Orbitrap mass analyzers have become one of the 

most widely used mass analyzers in the field of proteomics. This can mainly be attributed 

to their high mass accuracy and resolving power. Over the years multiple improvements 

in term of mass resolution, such as the high-field Orbitrap geometry or so-called 
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enhanced Fourier transformation (eFT), have been made. However, while mass 

resolution scales with transient time, or the duration for which the image current of the 

trapped ions is recorded, practicality often limits the use of very long transients in favor 

of higher quantitative accuracy. Multiple computational approaches have been proposed 

to overcome these limitations, but only recently were able to provide additional spectral 

content and enable high resolution at lower transient times.242,416,417  

 

In this study we apply one of these approaches, termed phase-constrained spectrum 

deconvolution method (ΦSDM) to the full mass range, evaluate its performance and 

highlight it’s benefits for proteomic applications, particularly short gradient DIA. In theory 

ΦSDM is able to either at least double the mass resolving power at a given transient half 

the transient at a given resolving power in comparison to eFT.242 Here, I was able to show 

that this theoretical principle indeed translates to an at least doubled mass resolution in 

complex proteomes with minimal scan overhead time. This required me to extend my 

analysis to the raw data level and systematically evaluate all observed peak distances in 

the ΦSDM spectra in comparison to the resolution limits imposed in eFT as a proxy for 

ΦSDM resolving power. Overall, the improved resolution, significantly increased signal 

to noise ratios and was especially beneficial in areas of high peptide density. As 

proteomics applications are gradually moving to higher through-puts, increased resolving 

power and faster acquisition speeds become more and more vital. In line with this, we 

found that ΦSDM signal processing is particularly advantageous for increasingly shorter 

gradient times. While we focused on constant transient times (equals increased 

resolution), short gradient DIA applications could additionally benefit from ΦSDM’s 

possibility to shorten the transient time at a given resolution to either increase quantitative 

accuracy or decrease spectral complexity. We hypothesize that ΦSDM could be a useful 

addition to extend the potential of existing Orbitrap mass spectrometers and should be 

applicable for a wide range of proteomics applications beyond the label-free DIA 

acquisitions shown in this manuscript.   

 

Contribution:  

First-authorship. Under the guidance of Florian Meier-Rosar in Matthias Mann’s group 

and in close collaboration with Thermo Fisher Scientific. Florian and I conceptualized this 

study. I conducted the experiments and analyses presented in this paper, made all 

figures and wrote the first draft of the manuscript. Florian Meier-Rosar and I edited the 

manuscript with input from Matthias Mann and our collaboration partners at Thermo 

Fisher Scientific. 
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Article 2: Plasma proteome profiling of healthy subjects undergoing bed rest 

reveals unloading‐dependent changes linked to muscle atrophy 

Journal of Cachexia, Sarcopenia and Muscle 14,439–451 (2023) 

Marta Murgia1,2*, Lorenza Brocca3, Elena Monti1, Martino V. Franchi1,4, Maximilian 

Zwiebel2, Sophia Steigerwald2, Emiliana Giacomello5, Roberta Sartori1,6, Sandra 

Zampieri1,4,7, Giovanni Capovilla7, Mladen Gasparini8, Gianni Biolo5, Marco Sandri1,6, 

Matthias Mann2,9 & Marco V. Narici1,4 

1Department of Biomedical Sciences, University of Padova, Padua, Italy  
2Max-Planck-Institute of Biochemistry, Martinsried, Germany 
3Department of Molecular Medicine, University of Pavia, Pavia, Italy 
4CIR-MYO Myology Center, Padua, Italy 
5Department of Medicine, Surgery and Health Sciences, University of Trieste, Trieste, Italy 
6Veneto Institute of Molecular Medicine, Padova, Italy 
7Department of Surgical, Oncological and Gastroenterological Sciences, Padova University Hospital, 

Padua, Italy 
8Izola General Hospital, Izola, Slovenia  
9NNF Center for Protein Research, Faculty of Health Sciences, University of Copenhagen, Copenhagen, 

Denmark 

*Corresponding author 

 

Muscle atrophy, the weakening and decreasing of muscle mass, can be caused, among 

others, by inactivity, by old age (sarcopenia) or cancer (cancer cachexia).418–420 

Inactivity-induced muscle atrophy is particularly relevant for patients undergoing long 

hospitalization, chronic disease or also for astronauts in microgravity conditions, as the 

onset of muscle atrophy has been observed after two days of unloading.421 The extend 

of muscle loss during inactivity, however, can be subject to patient-based 

heterogeneity.422 Establishing a minimally invasive measure to predict or monitor the 

patient-based muscle loss during inactivity or other muscle atrophy inducing conditions 

could therefore be of great use.  

 

Here we leverage MS-based proteomics to evaluate the effects of two conditions 

causing skeletal muscle atrophy, namely bedrest and cachexia, on the serum/plasma 

proteome and identify potential biomarkers correlated with muscle loss. Due to the high 

dynamic range, plasma or serum poses a unique challenge in MS-based proteomics 

and requires optimized MS acquisition. With this we quantified 500 and 400 plasma 

proteins in the bedrest and cachexia cohort respectively. In the initial cohort of healthy 

individuals undergoing voluntary bedrest for ten days, we identified 30 proteins that 

show significant abundance changes during bedrest (timepoint 0 vs 10 days). Notably, 

the tissue-leakage protein teneurin-4 showed a 1.6-fold increase at the bedrest endpoint 

on day 10, while the abundance of extracellular matrix protein lumican decreased during 

unloading and remained low in the recovery. Evaluating differences in individual 
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offloading response, we additionally identified six proteins differentiating between 

individuals that maintain muscle mass and those developing unloading-mediated 

muscle loss. Four of which, haptoglobin-related protein (HPR), transthyretin and two 

apolipoproteins were more abundant in atrophy-resistant subjects. Looking at cancer 

cachexia, comparison of cancer patients with cachexia to the controls lead to the 

identification of two significant proteins. Importantly, haptoglobin-related protein, was 

twofold more abundant in non-cachexia controls. Together this indicates that levels of 

circulating HPR correlate with the maintenance of muscle mass in both bed rest and 

cancer cachexia and its potential use as a biomarker. 

 

Contribution:  

Co-authorship. This study was primarily conceptualized and conducted by the first 

author Marta Murgia. The plasma cohort shown in the study was part of the MARS-PRE 

project, funded by the Italian Space Agency in 2019. The aim of this consortium of 

nineteen groups with multidisciplinary background was the identification of biochemical 

functional biomarkers to characterize the adaptation of the human body to spaceflight 

and variations in gravitational conditions. Bed rest was used as a ground-based model 

for space missions. To verify whether the plasma proteins whose abundance changed 

during bed rest were also affected in other types of muscle atrophy, we added to the 

study a cohort of cancer patients with and without muscle wasting (cachexia). This 

second cohort was measured on the Thermo Scientific Exploris platform. I familiarized 

Marta Murgia with the Exploris 480 MS instrument and optimized the MS acquisition 

strategy. I took part in data acquisition and analysis. Alongside the other co-authors, I 

also contributed to revising and editing the manuscript. 
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Article 3: AlphaDIA enables End-to-End Transfer Learning for Feature-Free 

Proteomics 

Pre-print published online: bioRxiv (2024), doi: 10.1101/2024.05.28.596182.  

Georg Wallmann1, Patricia Skowronek1, Vincenth Brennsteiner1, Mikhail Lebedev1, 

Marvin Thielert1, Sophia Steigerwald1, Mohamed Kotb1, Tim Heymann1, Xie-Xuan 

Zhou1, Magnus Schwörer1, Maximilian T. Strauss2, Constantin Ammar1, Sander 

Willems1, Wen-Feng Zeng1*, Matthias Mann1,2* 

1Proteomics and Signal Transduction, Max Planck Institute of Biochemistry, Martinsried, Germany  
2Proteomics Program, Novo Nordisk Foundation Center for Protein Research, Faculty of Health and 

Medical Sciences, University of Copenhagen, Copenhagen, Denmark 

*Corresponding authors 

 

Data-independent acquisition (DIA) strategies have become increasingly more powerful 

and popular over the recent years, surpassing the performance of data dependent 

acquisition (DDA).94,346,423–425 In contrast to DDA, DIA is not limited to the selection of only 

the most abundant precursor and therefore allows for a higher dynamic range and depth. 

However, DIA strategies come with their own set of challenges, mainly the increased 

spectral complexity caused by co-isolation and co-fragmentation of precursor and 

peptide ions. This requires more advanced and computationally heavy search algorithms 

able to deconvolute this data, especially as data acquisition strategies and MS 

instrumentation become more advanced.   

 

In this study Georg Wallmann, in a collaboration across our bioinformatics and method 

development team, developed a modular open-source framework for DIA analysis which 

features a feature-free identification algorithm particularly suitable for data produced on 

state-of-the art time-of-flight (TOF) analyzers. Building on the scientific python stack and 

alphaX ecosystem117, accessible through a number of interfaces, such as python API, 

command line or GUI, and running on the most common operating systems, AlphaDIA is 

setting a new standard for accessibility and transparency. Unlike other DIA search 

engines, which rely on predefined feature boundaries, AlphaDIA’s feature-free 

identification algorithm does not reduce the data and processes the raw MS signal by 

aggregating all relevant information, such as RT, IM and fragment intensities before the 

identifications step. This enhances sensitivity, identification accuracy and makes 

AlphaDIA particularly adept at handling “noisy” TOF data as AlphaDIA’s convolution 

kernels can aggregate evidence across multiple dimensions to confidently identify 

peptides and precursors even at low fragment intensities. While AlphaDIA can be used 

with empirical (experimental) libraries, it also features an end-to-end workflow using 

AlphaPeptDeep as a basis for fully predicted libraries. These predicted libraries can then 
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be fine-tuned for the specific experimental conditions via transfer learning, boosting 

identification by 48% and 25% on precursor and protein group level respectively in 

comparison to the standard models. Whether using empirical or AlphaPeptDeep 

predicted libraries, AlphaDIA shows competitive or superior performance for 

identification, quantitative accuracy and FDR in comparison to popular search engines, 

such as DIA-NN and Spectronaut. This is especially true for high-sensitivity platforms 

such as the Orbitrap Astral, where AlphaDIA was able to identify more than 120,000 

precursors and 9,500 protein groups in a 21 min LCMS acquisition. Moreover, it supports 

novel and complex acquisition strategies, such as synchro-PASEF, and provides the 

flexibility to process PTMs, labelled proteomics samples as well as increasingly more 

complex acquisition strategies as MS instrumentation continues to evolves.  

 

Contribution: 

Co-authorship. The study was conceptualized by Georg Wallmann, Wen-Feng Zeng and 

Matthias Mann. I initially optimized the Orbitrap Astral acquisition methods and gave input 

on data acquisition for this study. Alongside the other co-authors, I contributed to revising 

and editing the manuscript.



3. Publications 

82 



      3. Publications 

 

                                                                                                                                                                   

83 



3. Publications 

84 



      3. Publications 

 

                                                                                                                                                                   

85 



3. Publications 

86 



      3. Publications 

 

                                                                                                                                                                   

87 



3. Publications 

88 



      3. Publications 

 

                                                                                                                                                                   

89 



3. Publications 

90 



      3. Publications 

 

                                                                                                                                                                   

91 



3. Publications 

92 



      3. Publications 

 

                                                                                                                                                                   

93 



3. Publications 

94 



      3. Publications 

 

                                                                                                                                                                   

95 



3. Publications 

96 



      3. Publications 

 

                                                                                                                                                                   

97 



3. Publications 

98 



      3. Publications 

 

                                                                                                                                                                   

99 



3. Publications 

100 



      3. Publications 

 

                                                                                                                                                                   

101 



3. Publications 

102 



      3. Publications 

 

                                                                                                                                                                   

103 



3. Publications 

104 



      3. Publications 

 

                                                                                                                                                                   

105 



3. Publications 

106 



      3. Publications 

 

                                                                                                                                                                   

107 



3. Publications 

108 



      3. Publications 

 

                                                                                                                                                                   

109 



3. Publications 

110 



      3. Publications 

 

                                                                                                                                                                   

111 

 



3. Publications 

112 

 



      3. Publications 

 

                                                                                                                                                                   

113 

 



3. Publications 

114 

 



      3. Publications 

 

                                                                                                                                                                   

115 

  



3. Publications 

116 

 



      3. Publications 

 

                                                                                                                                                                   

117 

 



3. Publications 

118 

 



      3. Publications 

 

                                                                                                                                                                   

119 

 



3. Publications 

120 

 



      3. Publications 

 

                                                                                                                                                                   

121 

3.2 Applications of Orbitrap Astral technology for spatial proteomics 

 

As shown before, the Orbitrap Astral, as well as other highly sensitive TOF detector 

instruments such as the timsTOF Ultra/SCP, have pushed the boundaries of sensitivity, 

acquisition speed, and identification. This has shown to be particularly advantageous for 

low input applications and is broadening the possibilities for applications such as Deep 

Visual Proteomics (DVP) and single cell proteomics.215,217,395,426,427 While previous DVP 

studies relied on the classification and laser-microdissection-based extraction of 700-

1000 cell shapes to achieve sufficient depth, the sensitivity of the Orbitrap Astral MS 

allows for great proteomics depth at much lower sample input.394,395,414 Especially when 

paired with an optimized and tailored acquisition strategy, something I have been 

focusing on during my PhD. This knowledge and experience served as a building stone 

for multiple DVP projects focusing on personalized medicine (Article 4), the evaluation 

of phenotypic shifts after xenotransplantation (Article 5) and single cell DVP (scDVP) in 

the context of alpha-1-antitrypsin deficiency (Article 6). 

Article 4: Deep Visual Proteomics reveals DNA replication stress as a hallmark of 

Signet Ring Cell Carcinoma 

Pre-print published online: bioRxiv (2024), doi: 10.1101/2024.08.07.606985, in revision 

at Precision Oncology 

Sonja Kabatnik1, Xiang Zheng1,2, Georgios Pappas1, Sophia Steigerwald3, Matthew P 

Padula4, Matthias Mann1,3* 

1NNF Center for Protein Research, Faculty of Health Science, University of Copenhagen, Copenhagen, 

Denmark 

2Department of Biomedicine, Aarhus University, Denmark 

3Department of Proteomics and Signal Transduction, Max Planck Institute of Biochemistry, Martinsried, 

Germany 

4School of Life Sciences and Proteomics Core Facility, Faculty of Science, University of Technology 

Sydney,Ultimo, Australia 

*Corresponding author  

 

Signet ring cell carcinoma (SRCC) is a rare and highly aggressive form of 

adenocarcinoma. SRCC is defined by the formation of a mucin filled vacuole, which 

leads to nuclei dislocation to the periphery and gives SR cells their characteristic signet 

ring morphology. It most commonly originates in the glandular cells of the stomach, but 

can also arise from other tissues such as the gall- or urinary bladder.428,429 In comparison 

to other gastrointestinal cancers it has a poor prognosis, largely due to late diagnosis 
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and limited treatment options.430,431 Due to its rarity, little is known about the mechanisms 

of this malignant cancer.  

 

In this study, the first author Sonja Kabatnik had the unique opportunity to use DVP to 

investigate the proteome of the primary tumor and metastasized tissues of a single 

SRCC patient and utilize the gained information to make a tailored treatment 

recommendation. After optimizing a universal staining strategy and training a 

segmentation model, Sonja dissected 500 cell shapes, equating to ~50 SR cells, from 

the bladder (primary tumor side), the prostate, the seminal vesicles and a lymph node 

as well as non-cancerous epithelial prostate cells as a control. Using an input-optimized 

MS acquisition method on the Orbitrap Astral MS, which I advised on, a median of > 

6,500 proteins could be identified per sample. While these included a number of tissue 

specific proteins, we could establish a core proteome of 4,825 proteins across all four 

tissue types. The initial analysis showed a clear clustering of samples based on tissue 

type and identified the disease status, healthy control vs. SR cells, as the primary driver 

of separation in a principal component analysis. This separation was primarily driven by 

known markers for prostate cancer, proteins related to epithelial-mesenchymal transition 

and classic SRCC markers, such as carcinoembryonic antigen-related cell adhesion 

molecule (CEACAM) and mucin (MUC) proteins. Among these, CEACAM5 and 

CEACAM6, as well as MUC1, 2, and 13, showed the most differential abundance 

between cancerous and epithelial controls. Further analysis indicated an upregulation 

of proteins associated with DNA replication, DNA damage response (DDR) and ataxia-

telangiectasia mutated and Rad3-related (ATR) signaling, as well as defective mismatch 

repair (MMR). Together, this hints towards replication stress as a signature of SRCC. 

Moreover, proteomic and histological analysis indicated high levels of immune-related 

proteins, including programmed cell death ligand protein 1 (PD-L1), and infiltration of 

PD-1-positive cytotoxic T cells. This points towards tumor immunogenicity and suggests 

immunotherapy, especially PD-1 or PD-L1 inhibitors, as potential treatment options. In 

line with this, treatment with pembrolizumab, a PD-L1 inhibitor, was administered to the 

patient and showed a positive treatment response and effectively halted tumor 

progression. Overall, this highlights the potential of MS-based proteomics or DVP in 

particular, for precision oncology.  

 

 

 

Contribution: 
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Co-authorship. This study was conceptualized by Sonja Kabatnik, Xiang Zheng, 

Matthew Padua and Matthias Mann. Sonja Kabatnik conducted the study. I advised on 

the MS acquisition strategy and gave feedback on data visualization. Alongside the 

other co-authors, I contributed to revising and editing the manuscript 
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Article 5: Deep Visual Proteomics advances human colon organoid models by 

revealing a switch to an in vivo-like phenotype upon xenotransplantation 

Pre-print published online: bioRxiv (2024), doi: 10.1101/2024.05.13.593888, Submitted 

to Cell 

Frederik Post1,6, Annika Hausmann2,6*, Sonja Kabatnik1, Sophia Steigerwald3, 

Alexandra Brand2, Ditte L. Clement2, Jonathan Skov2, Theresa L. Boye4, Toshiro 

Sato5, Casper Steenholdt4, Andreas Mund1, Ole H. Nielsen4, Kim B. Jensen2,7*, 

Matthias Mann1,3,7* 

1Proteomics Program, Novo Nordisk Foundation Center for Protein Research, Faculty of Health and 

Medical Sciences, University of Copenhagen, 2200 Copenhagen, Denmark 
2reNEW, Novo Nordisk Foundation Center for Stem Cell Medicine, Faculty of Health and Medical 

Sciences, University of Copenhagen, 2200 Copenhagen, Denmark 
3Department of Proteomics and Signal Transduction, Max Planck Institute of Biochemistry, Martinsried, 

Germany 
4Department of Gastroenterology, Herlev Hospital, University of Copenhagen, Herlev, Denmark 
5Department of Integrated Medicine and Biochemistry, Keio University School of Medicine 
6equal contribution 
7equal contribution 

 

Intestinal epithelial cells (IECs), organized in crypt-villus units with a stem cell niche in 

the crypt bottom, provide the intestinal mucosa’s first line of defense against harmful 

luminal components and pathogens.432 To maintain intestinal homeostasis and tissue 

integrity, the intestinal epithelial lining is renewed every 3-5 days.433 Dysregulation of the 

gut homeostasis or intestinal epithelium, for instance caused by chemotherapy, food 

allergies or overuse of alcohol or aspirin, predispose to the development of inflammatory 

bowel disease and are hallmark symptoms of ulcerative colitis or Crohn’s disease.434–436 

The study of IECs and epithelial maintenance, therefore, is vital for understanding gut 

health as well as preventing and treating these conditions. 

 

Here the main authors Frederik Post and Annika Hausmann, aimed to evaluate the 

suitability of human colon organoid models to study human IECs by applying an 

optimized DVP workflow. To first establish a proteomic ground truth of the human colon 

mucosa, epithelial, goblet, immune cells, and fibroblasts were isolated from the upper 

crypt and crypt bottom. Spatially separating the crypt sections using our DVP pipeline, 

circumventing the otherwise challenging identification of intestinal stem cells with 

antibodies. Using the Orbitrap Astral MS, an unprecedented depth of almost 9,000 

proteins across all cell types with a median of 6,780 proteins per sample could be 

achieved and revealed a number of differentially regulated proteins across the analyzed 

cell types and crypt localizations. While most samples consisted of about 500 dissected 

shapes, even samples of rare cell types, such as stem cells of xenotransplanted 
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organoids, yielded more about 5000 protein groups from fewer than 50 shapes. The 

proteomic analysis of the in vitro organoids revealed high overlap with the in vivo atlas, 

indicating the preservation of key features of the crypt bottom and the upper crypt. 

Despite the big overlap, the in vitro organoids showed high levels of proliferation and 

lacked functional signatures of the healthy human mucosa, such as secretion pathways. 

Further analysis revealed that this proliferative state was primarily driven by WNT 

pathway activation and could be shifted closer to more differentiated, functional states 

by reducing WNR supplementation in the culturing medium. These adjusted culture 

conditions improved the reliability of in vitro organoid models for studying IECs or 

conducting drug screenings. 

 

Interestingly, these proliferative signatures were also reverted to a more in vivo-like state 

upon xenotransplantation of the organoids into the murine colon. Particularly, cells 

isolated from the upper crypt showed upregulation of CA1 and MUC17, proteins involved 

in ion transport and mucosal barrier formation respectively. This demonstrates that while 

organoids are already a powerful tool to study human IECs, the mucosal 

microenvironment is important to recapitulate functional characteristics and highlights 

the use of xenotransplantation to enhance organoid models.  

 

Contribution 

Co-authorship. The study was conceptualized by Frederik Post, Annika Hausmann, Kim. 

B Jensen and Matthias Mann. Frederik Post and Annika Hausmann conducted the 

experiments. I shared my established Orbitrap Astral methods and advised on the MS 

acquisition strategy, enabling the quantification of almost 9000 protein groups across all 

samples. Alongside the other co-authors, I contributed to revising and editing the 

manuscript. 
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Article 6: The proteomic landscape of proteotoxic stress in fibrogenic liver 

disease 

Pre-print published online: bioRxiv (2024), doi: 10.1101/2024.11.01.621457, In 

revision at Nature 

Florian A. Rosenberger1*, Sophia C. Mädler1,15, Katrine Holtz Thorhauge2,3,15, Sophia 

Steigerwald1,15, Malin Fromme4, Mikhail Lebedev1, Caroline A. M. Weiss1, Marc 

Oeller1, Maria Wahle1, Maximilian Zwiebel1, Niklas A. Schmacke5, Sönke Detlefsen3,6, 

Peter Boor7, Joseph Kaserman8,9, Andrew Wilson8,9, Ondřej Fabián10,11, Soňa 

Fraňková12, Aleksander A. Krag2,3,13, Pavel Strnad4, Matthias Mann1,14* 
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Germany  
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3Department of Clinical Research, Faculty of Health Sciences, University of Southern Denmark, Odense, 

Denmark 
4Department of Internal Medicine III and IZKF, Gastroenterology, University Hospital Aachen, Germany 
5Gene Center and Department of Biochemistry, Ludwig-Maximilians-Universität München 
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15These authors contributed equally 

*Corresponding authors 

 

Alpha-1 antitrypsin deficiency (AATD) is a fibrogenic liver disease caused by mutations 

in the SERPINA1 gene. This causes misfolding and accumulation of alpha-1 antitrypsin 

(AAT) in hepatocytes and ultimately leads to liver cirrhosis and can negatively impact 

lung function. Most severe ATTD cases can be attributed to a homozygous Z-variant, 

which has a prevalence of 1:2,000.437,438 The mechanisms driving the disease 

progression and outcome heterogeneity, however, are largely unknown and treatment 

options remain unexplored.  

 

In this study, we characterized hepatocyte responses to proteotoxic stress in AATD 

using DVP, machine learning and AI-guided image-based cell phenotyping. In a first line 

of evidence, we evaluated proteomic differences of cells with low, medium and high AAT 

aggregate load. While this confirmed known AATD signatures, it also enabled a pseudo-

time analysis of disease progression. This identified a prominent peroxisomal 
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biogenesis response and unfolded protein response (UPR) as early and late hepatocyte 

responses to AAT accumulation, respectively. Interestingly, the distribution of AAT 

aggregate positive cells shows a distinct spatial component, with clear separation of 

areas with AAT+ and AAT- cells, and even occurrence of single AAT+ cells. To map the 

spatial proteomes of these cells and regions, we utilized the previously described single 

cell DVP workflow.411 Aiming to improve the proteomic depth of the workflow and use it 

on formalin-fixed paraffin-embedded tissue sections, I optimized a variable window DIA 

method based for the acquisition of these single hepatocyte shapes on the Orbitrap 

Astral MS. With this, we achieved an unprecedented depth of up to 3,600 proteins in the 

equivalent of one-third to one-half of a hepatocyte, a 50% increase compared to the 

previously achieved depth on isolated hepatocytes from frozen tissue sections. Single-

cell analysis of the AAT+ and AAT- border regions indicated that proteotoxic stress is 

cell-intrinsic and not propagated between neighboring cells. Correlating the earlier 

protein markers for early and late proteotoxic response with the border regions showed 

that late response markers, such as DNAJB11, remained unchanged in two out of three 

tissue samples. Moreover, in one sample we detected upregulation of an apoptotic 

marker in AAT+ border cells, which correlated with the observed aggregate morphology. 

Building on this, we integrated image featurization to isolate cells with different 

aggregate morphologies and identified globular aggregate morphology as a terminal 

cellular feature prior to cell death in AATD. Aggregating the results of the different spatial 

approaches, hundreds of dysregulated proteins could be identified, which offers novel 

candidates for treatment of AATD.  

 

Contribution: 

Co-authorship and shared second author. This study was conceptualized by Florian 

Rosenberger and Matthias Mann. I was the study lead for the single-cell DVP section of 

the manuscript. I selected regions of interest, processed the scDVP samples, and 

developed and optimized a tailored MS method for the acquisition of single hepatocyte 

shapes based on the expected precursor distribution. I supervised data quality control 

and performed initial biological analyses. Furthermore, for the first and last part of this 

study, I performed initial experiments to advise on the Orbitrap Astral acquisition for the 

DVP samples. I wrote the MS method section for the scDVP acquisition and contributed 

to revising and editing the manuscript alongside the other co-authors. 
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4. Discussion and Outlook 
 

The increasing sensitivity and speed of MS instrumentation in the last years, has driven 

a great wave of impactful publications. Since its introduction in June 2023, already more 

than 100 papers using the Orbitrap Astral MS were published, of which over 40 are peer-

reviewed. These cover a wide range of applications, from full proteomes over PTM 

analysis to microbiomes and additionally enable unprecedented proteome depths of 

>5000 proteins from single cells.168,215,217,326,328,426,439,440 

 

Presenting at the instrument release, I could showcase initial results for our DVP 

workflow. In a titration experiment of epithelial cells from patients with high grade serous 

ovarian cancer, we could identify almost 2,000 protein groups from as little of 10 cell 

shapes and more than 5,000 protein groups from 100 shapes. A depth that previously 

required the analysis of 500-700 shapes.395 Additionally, we were able to identify the 

primary ovarian cancer biomarker, CA-125, in as little as 25 cell shapes. With these 

promising results in hand, we focused our effort on these projects in the last year. DVP 

presents a unique opportunity to preserve the spatial aspect of cell type-specific 

proteomes in the context of intact tissue. In contrast, other methodologies, such as 

macrodissection or cell sorting, can only preserve the spatial or cell type resolution 

respectively. DVP, therefore, is of particular interest when studying specific cell types in 

cases of distinct spatial characteristics, such as the crypt-villus architecture in the 

intestinal mucosa (Article 5) or to spatially differentiate cancerous and non-cancerous 

cells (Article 4). With more advanced MS technology, the number of required cells per 

cell-type further decreases and broadens the applicability of DVP to the study of more 

rare cell types or where total cell amount is limited, as is the case in organoid models, 

for instance.  

 

For research questions that require higher spatial resolution, scDVP offers a more fine-

grained analysis of the spatial proteome of single cells in intact tissue. First applied to 

fresh frozen tissue sections and used to study the spatial organization of hepatocytes in 

the central to portal vein axis, we could extend the workflow to FFPE (Article 6) to study 

liver sections of patients with AATD. As clinical tissue samples are commonly archived 

as FFPE tissue and often available as parts of biobanks, this greatly extends the number 

of sample cohorts that can be studied using scDVP. Further, we increased the 

achievable proteome depth from a mean of 1700 proteins to 2800 proteins by a 

combination of technological advances and optimal method design, and were able to 
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pick up biologically and clinically relevant proteomic changes. With this more sensitive 

and optimized set-up, scDVP studies of smaller cell types become increasingly more 

feasible further extending the possible use cases. Similar to AATD, it would be valuable 

to apply scDVP to other clinical conditions featuring protein misfolding and aggregation 

in individual cells, such as the neurodegenerative diseases Parkinson and Alzheimer.441 

This is currently being investigated in our group. Apart from the disease context scDVP 

could give insights into developmental and regenerative processes that require a spatial 

single cell resolution. Altogether, the technological improvements in the DVP and scDVP 

studies presented in this thesis showcase the potential of DVP, especially in spatially 

resolved clinical proteomics and highlight use cases in precision oncology or 

personalized medicine. They, however, also spotlight the importance of highly sensitive 

mass spectrometers, such as the Orbitrap Astral MS, and tailored method design to 

achieve high proteomic depth and quantitative accuracy.  

 

While new MS instruments have greatly improved on the previously achievable 

proteomic depth, there is still room for further improvements. The fast scanning speeds 

of modern MS analyzers enable us to reduce DIA windows to an almost DDA-like width, 

considerably reducing the spectral complexity of each DIA window and in turn increasing 

identification.326 This, however, means we are only ever analyzing a small fraction of the 

total ion population. In contrast, an ideal mass spectrometer or acquisition strategy 

would utilize all entering ions for subsequent analysis. Over the years, multiple 

approaches, both technical and methodological, have been proposed to improve on this. 

One such methodological strategy is BoxCar, which increases ion utilization, total 

injection time for MS full scans, and with it dynamic range and sensitvity.442 While DIA 

acquisition shifted the focus towards MS2 spectra, recent experimental data 

reemphasizes the importance of high quality MS1 data, especially for low input samples 

and for improved quantification.61 Depending of the mass analyzer used, this, however, 

often requires long transient times, which might not be feasible especially for high-

throughput applications. In these cases, the ability to acquire MS1 and MS2 spectra in 

parallel, as instruments with more than one mass analyzer can do, is particularly 

advantageous. BoxCar-like acquisition strategies for MS1 or potentially MS2 level in 

combination with tribrid instruments or the Orbitrap Astral MS could help increase ion 

utilization while maintaining high proteomic depth. Ultimately, optimal ion usage on the 

Orbitrap Astral MS will require a technical solution similar to the trapped ion mobility 

spectrometry (TIMS) device on Bruker instruments, or Sciex’s Zeno Trap technology. 
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While discussing the impressive performance of novel mass spectrometers and 

potential ideas to further improve their capabilities, one should, however, note that not 

every group has the financial means to upgrade to the newest instrument releases. For 

this reason, I think it is important to also extend the functionality of existing mass 

spectrometers through hardware or software add-ons and increasingly more refined 

acquisition strategies. On the side of Thermo Fisher Scientific instrumentation for 

instance, the unification of the MS front-end design between tribrid and hybrid MS 

instruments enabled the use of the FAIMS ion mobility device for the hybrid MS 

instruments. While this can extend the time between cleaning cycles, making the 

instruments more robust, it can also greatly improve the performance for low-input 

applications by removing background ions. On the same line, ΦSDM (Article 1), 

potentially as a commercially available upgrade, could increase the performance and 

functionality of existing Orbitrap mass spectrometers in groups that cannot afford to 

exchange their MS instruments with the newest generation.  

 

Even if we are utilizing our mass spectrometers to the best of their abilities, all of this is 

diminished without analysis or post-processing software that makes optimal use of the 

acquired data. In line with this, the introduction of AlphaDIA (Article 3) provides a great 

framework for the search of DIA data, particularly for potentially “noisier” TOF data. The 

aggregation of evidence across multiple dimensions allows the confident identification 

of peptides and precursors even at low fragment intensities. As novel analyzers promise 

single ion detection, this will be of particular importance to retain low FDR and high 

identification confidence. Moreover, AlphaDIA’s flexible processing algorithm combined 

with alphaRaw’s efficient raw data handling promised high adaptability to novel and 

complex scan modes, including synchro-PASEF.300 The integration of AlphaPeptDeep, 

for prediction of spectral libraries, and directLFQ provide an end-to-end solution for raw 

data analysis.126,131 The former also highlight the use of deep learning for the prediction 

of peptide properties, training of highly tailored models, including HLA peptides and 

PTMs, and generation of in-silico libraries. AlphaDIA, as well as other software solutions 

of the alphaX universe, are built with modern and open-source tools like Python and 

PyTorch and openly provided to the community on GitHub. This stand in contrast to 

other commonly used DIA analysis software, whose “inner workings” more often than 

not are “black boxes”. With this, AlphaDIA sets an example for transparent, open science 

that performs on par or better than other popular DIA search platforms, particularly for 

TOF analyzers, such as the Orbitrap Astral MS. Here, AlphaDIA was able to identify 

9,500 proteins groups from a 21 min run, outperforming the other analysis tools.  
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While in this case proper FDR control ensures high confidence in the identified peptides 

and proteins, one should always prioritize reproducible, high-quality datasets over a sole 

focus on who gets the highest numbers. As such, there is much to say about the 

“numbers game” in proteomics. On the side of MS instrumentation continuously or 

sometimes drastically improving instrument parameters upkeep the commercial 

competition between MS vendors. This promotes innovation in order to stay competitive, 

driving the field forwards. Just in the last years this enables, almost routine identification 

of full proteomes, deeper plasma proteomes, and covers the single cell proteome at a 

biologically and potentially clinically relevant depth, goals that the community was 

working towards for a long time.369,443,444 However, we have also seen that purely 

focusing on achieving the highest numbers possible, through any means necessary, 

might be accompanied with higher false identifications, unreproducible results, and, in 

translation to clinical proteomics, can lead to the misidentification of biomarkers. 

Examples for this can be found in the early days of plasma proteomics, were achieved 

depths and identified biomarkers were, in hindsight, associated with cohort batch effects 

or lack of sample quality. Consequently, this decreased trust that MS-based plasma 

proteomics could aid in the efforts to identify disease biomarkers.369,445,446 With a revival 

of the plasma proteomics field in the last years, a greater focus was placed on achieving 

translatable data, including proposed improvements to cohort design and awareness of 

sample quality biases.344,362,447 The latter, revealed that a great number of previously 

identified plasma biomarkers can be attributed to sample processing artefacts, such as 

erythrocyte and platelet contaminations. The proposed contamination marker panel 

provides a useful tool to evaluate cohort quality and increases confidence in potential 

protein markers, such as HPR in our bed rest study (Article 2). As a result of these 

efforts, first examples of promising MS-based marker panels for diagnosis have set the 

stage for the MS-based proteomic approaches in the clinic.17,394,448  

 

The translation to clinical application, however, will require further validation, the 

establishment of easy-to-use MS-based assays and MS systems that can be maintained 

and operated by non-expert users.361,449 Steps in the right direction are the recent 

advances in MS systems focusing on targeted proteomics, such as the Thermo Stellar 

MS, which improves on the dated triple-quad technology and allows rapid and highly 

sensitive PRM and MS3 targeting.342,343 This enables the targeting of thousands of 

peptides in a single run and can adapt target lists that were previously generated using 

discovery DIA on high-resolution mass spectrometers, such as the Orbitrap Astral. 

Implementation of an auto-calibration source for easier maintenance, additionally makes 

this instrument more user-friendly. As such it could provide a solution for establishing 
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targeted MS-based assays for a variety of disease marker panels, as highlighted by the 

development of a targeted assay for the previously proposed alcohol-related liver 

disease biomarkers.17,342 

 

In summary, the recent improvements and innovations in MS technology have greatly 

and positively impacted the proteomics field and will go hand-in-hand with advances in 

data analysis, such as AlphaDIA and applications of machine learning and artificial 

intelligence in proteomics. In my thesis, I highlighted the performance of novel MS 

instrumentation, namely the Orbitrap Astral MS, and the importance of tailored 

acquisition strategies. The application to clinical proteomics with a focus on spatial 

proteomics and biomarker discovery, showcased the great potential and adaptability of 

our previously introduced DVP workflow. Altogether, I am sure there are exciting times 

and great discoveries ahead and I for one am looking forward to what the future and my 

continued journey in MS technology will bring. 
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