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Introduction 
Advancements in big-data capture are required to aid scientists in better understanding 
processes in systems biology and the design of industrial bioprocesses. The requirement 
for high-quality big-data is driving the necessity for increased chromatographic and  
mass spectrometric selectivity, as well as detector sensitivity, dynamic range, and 
acquisition speed, which should be achieved along with increasing analytical throughput. 
As maximising analyte coverage increases the cost and complexity of associated targeted 
analysis, untargeted analysis plays an important role in the discovery and relative 
quantification of metabolites in biological systems. Thus, untargeted analysis acts as an 
important prerequisite step for the subsequent quantitative targeted analysis. 

Peptides are a class of compounds that are analysed in both metabolomics,  
where they occur as native metabolites, and proteomics, where they are analysed as 
intermediaries for protein identification and quantification. Most of the recent 
peptidomics methodologies are affected by lower throughput and sample preparation, 
which results in diminished profiling of the lower molecular weight peptidome. 

This thesis aims to provide an overview of the application of liquid chromatography, 
coupled with mass spectrometry for peptidome profiling and semi-quantitative 
screening in different fermentation matrices, such as cheese, synthetic grape must, and 
beer wort. Special focus was put on improving the throughput, ease of use and flexibility 
of peptidome profiling and screening in complex biological matrices. The summary of 
theoretical and practical knowledge given in the literature review, published articles  
and supplementary materials, present a basis and progression from a very sensitive 
nano-UHPLC1 with data-independent acquisition workflow toward a higher-throughput 
workflow utilising low-flow UHPLC1-coupled IMS2-enabled data-independent acquisition 
and simplified sample preparation. As a result, the reader is provided with a better 
understanding of critical correlations between chromatographic performance, data 
acquisition strategies and data processing workflows. 

 
 

                                                                 
1 Ultrahigh pressure liquid chromatography 
2 Ion mobility separation 
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1 Literature Review 
Metabolomics and proteomics are fields of analytical chemistry that provide 
complementary information to other omics techniques, such as genomics and 
transcriptomics. While metabolomics focuses on smaller molecular weight compounds 
(typically up to 1500 Da), the advancement in genome sequencing has sparked the 
interest in the functional analysis of gene products, resulting in the establishment of 
proteomics  (typically over 10 kDa) (Martini et al. 2021). However, the increasing interest 
in the analysis of peptides in their native form has resulted in the subdivision of 
peptidomics as a separate compound-class-centric field of analytics. Due to various 
practical reasons, discussed later, the analysis of small peptides has been recently 
attracting particular interest across many industries.  

The two approaches of omics include targeted and untargeted workflows. According 
to Gerstman and Barshop (2018), targeted workflows aim to accurately quantify specific, 
known compounds within an established range of concentrations while untargeted 
workflows focus on all detectable analytes to statistically establish what compounds 
(if any) significantly differentiate samples or groups of samples. Subsequent analysis of 
the data generated by the untargeted analysis typically allows for the identification of 
the unknown compounds, but it can also provide relative quantitative information across 
sample groups. This may be useful for further targeted analysis of compounds of interest 
(Schrimpe-Rutledge et al., 2016). As the core principles of both metabolomics and 
proteomics significantly overlap with peptidomics workflows, they also introduce the 
associated benefits and inherent challenges of both into the peptide analysis (discussed 
in the dedicated sections) (Figure 1).  

Figure 1. Overview of LC-MS-based omics and respective challenges. 

     Although the ultimate goal of metabolomics is to analyse the entire chemical space 
of a biological system, the current state-of-the-art technology is still far from reaching 
that goal (Pinu et al., 2019). While optimising the peptidomics workflows, this thesis 
focuses on highlighting and overcoming some of the challenges associated with the 
untargeted analysis of peptides in complex matrices.  
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1.1 Peptides as a Chemical Class 
Peptides are considered one of the major classes of polymeric biomolecules consisting 
of peptide bond-linked amino acids (AA). Amino acids consist of amino (-NH2), carboxyl 
(-COOH) and side chain (R) groups that are connected by an intervening carbon 
atom (Figure 2).   

Figure 2. Structure of amino acid. Adapted from “α-amino acid structure” by Aouniti et al., 2017. 

The peptide bond is an amide-type covalent chemical bond linking two consecutive 
amino acids from the carbon of one amino acid (C-terminus) and the nitrogen of another 
(N-terminus), along a peptide or a protein chain (Figure 3).  

Figure 3. Formation of a peptide bond from two amino acids. Adapted from “peptide bond 
formation by a condensation reaction” by H. Panayiotou, 2004. 

The diversity of amino acid properties, attributed to their side chains (Figure 4), and 
the very high degree of combinations possible result in peptides’ diverse physicochemical 
properties and the ability to form various structural conformations, including the formation 
of cyclic peptides which makes their analytical determination and identification a 
challenge.  
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Figure 4. Amino acid classification and their physicochemical properties. Adapted from “amino acid 
chart” by K. Steward, 2019. 

Finally, further complicating the peptide chemical class, there are over 300 types of 
modifications that may be associated with peptides including, oxidation, methylation, 
acetylation, phosphorylation, glycosylation and lipidation that frequently play important 
biological or technological roles (Zhao and Jensen, 2009). 

1.2 Scientific and Technological Interest in the Analysis of Peptides 
Peptides play many important roles in the processes and products of various industries. 
Among others, these include the pharmaceutical, food, feed, and biotechnology 
industries. Some examples which further justify the requirement for (untargeted) 
peptide analysis are given below. 

Peptides as flavour compounds. Naturally and artificially occurring proteolytic 
mechanisms in foods and beverages (such as cheese, yoghurt, soy sauce etc.) produce 
taste-active peptides that are often attributed to the organoleptic properties of the final 
product. Although five taste categories (sour, salty, sweet, bitter and umami) are 
recognised, sweetness, bitterness and umami are considered the most important for 
food acceptance or rejection of the product (Temussi., 2011). Temussi (2011) 
summarised the classification of taste-active peptides as sour peptides (acidic AA rich), 
bitter peptides (hydrophobic AA rich), and peptides with little to no taste (balanced AA 
composition). Although there are no naturally occurring sweet peptides, synthesised 
short peptides (for example aspartame) play an important role as artificial sweeteners. 
It is important to note that the taste of peptides is not directly related to the taste of 
amino acids, and it is often affected by the conformation of the peptide. In addition to 
the hydrolytic enzyme-driven peptide-producing mechanisms, the heat- or acid-induced 
peptide bond cleavage of proteins during food processing can also result in the formation 
of peptides (Bikaki et al., 2021). For example, hydrophobic peptides, formed during 
coffee bean roasting and brewing, contribute to the distinct taste associated with coffee 
beverages.  

Bioactive peptides. Peptides that can carry out specific biological functions, next to 
being an important source of amino acids, are referred to as bioactive peptides. One of 
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the mechanisms of the formation of the bioactive peptides is the proteolytic effect of 
food processing and namely by the activity of probiotic bacteria (Romero-Luna et al., 
2022). Agyei and Danquah (2011) claim that the advantages of bioactive peptides, such 
as a wide action spectrum and low toxicity as well as high biospecificity, made them one 
of the prime research foci of the biopharmaceutical industry. Food-derived bioactive 
peptides, discovered in fermented foods as well as in both animal and human intestinal 
digesta, are reported to have a positive influence on digestive, endocrine, immune, nervous 
as well as cardiovascular systems (Moughan et al., 2014). For example, plant-derived 
peptides with an angiotensin-converting enzyme and pancreatic lipase inhibitory 
properties are reported to help modulate hypertension and diabetes (Urbizo-Reyes  
et al., 2021). 

Peptides as a nitrogen source during fermentation. Alongside free amino acids, 
peptides can also provide an important assimilable organic nitrogen that, unlike inorganic 
nitrogen, can be utilised by a broad range of species of microorganisms. Peptones and 
yeast extracts, depending on the raw material and proteolytic enzymes used, can contain 
a wide variety of peptides which can be easily assimilated by industrially important 
microorganisms and thus, the study of peptides in such complex fermentation 
ingredients or of the proteolytic activity of various proteases used to produce them is yet 
another important application of peptidomics (Proust et al., 2019). In addition to industrial 
microbial cultivations, certain naturally occurring peptides in many food and beverage 
fermentations (beer wort, grape must, whisky mash etc.) also act as a valuable  nitrogen 
source and thus, making peptide analysis even more important as mostly smaller 
peptides can be assimilated by yeast (Kevvai et al., 2016). 

While overlapping with proteomics and metabolomics, the diversity of chemical 
properties of peptides as well as the wide scope of their applications, has justified 
peptidomics emerging as a separate subdivision of omics to tackle the challenges unique 
to the analysis of this class of compounds. The major challenges of peptidomics include 
the identification of short (2-4 AA) peptides as well as their quantification (discussed 
below), especially in complex natural matrices. 

1.3 Experimental Design for Untargeted Peptidomics Experiments 
Despite the proposals for various approaches in untargeted omics, a universal workflow 
to account for all challenges associated with the untargeted peptidomics pipeline is yet 
to be fully established and widely recognised (Sumner et al., 2007). Any untargeted omics 
experiment that aims to provide meaningful and statistically significant results consists 
of several critical steps that play an important role in the overall success of a study. Those 
steps can be generalised into four main parts: I) experimental design, II) pre-analytical, 
III) analytical, and IV) post-analytical stages. Proficiency in untargeted peptidomics comes 
from understanding and balancing the trade-offs intrinsic to any analytical methodology 
associated with each of the four steps.  

The main goal of an efficient experimental design is to minimise the required study 
input while maximising the output. Higher throughput can be partially achieved by 
limiting types of experiments that would inherently provide little additional information 
or discriminatory power. Power analysis is a statistical tool that can provide valuable 
information on the number of samples or replicates required for analysis to achieve 
group differentiation at a desired significance level (Dicker et al., 2010; Nakayasu et al., 
2021). Power analysis is especially useful in the case of large cohort studies, where 
running even one additional replicate per sample can result in days of extra instrument 
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usage time. Moreover, preliminary knowledge about the sample (e.g., protein sequence, 
chemical modification, or protease cleavage specificity) can also often provide valuable 
insight. 

Although statistical analysis is typically one of the last steps in the untargeted 
workflow it is greatly affected by the experimental design. Thus, the background 
knowledge for a sample and a suitable number of biological and technical replicates are 
vital to ensure the best data quality possible. 

1.4 Pre-Analytical Steps for Untargeted Peptidome Analysis 
Even though numerous analytical methods, such as nuclear magnetic resonance, 
capillary electrophoresis, and various types of chromatographic techniques coupled to 
mass spectrometry (MS) are commonly utilised in untargeted omics, the most used 
technique to study peptides is liquid chromatography (LC) coupled to mass spectrometry 
(LC-MS). Hence, all pre-analytical steps discussed next are concerned with LC-MS-based 
analysis. 

Sampling and storage. As with any other analytical technique, the untargeted 
peptidome analysis process starts with the collection of a sample and its preparation for 
the subsequent instrumental analysis. That includes representativeness of sampling, 
fixation, and storage of the sample before downstream sample preparation. Lyophilised 
peptides (or samples containing peptides) are generally considered stable when stored 
at - 20 °C in dry, anaerobic, and light-free conditions. However, additional precautions 
should be considered when storing peptides in solution or as a part of a complex 
biological sample. Namely, the number of freeze-thaw cycles should be minimised and 
thus, for repeated use samples should be aliquoted. Further, additional concerns for 
long-term storage of peptides are oxidation and residual proteolytic activity in many 
biological matrices, which might require storage at even lower temperatures (≤ - 80 °C) 
for full inactivation (Morris and Marchesi, 2016). Finally, non-specific binding of the 
peptides to various container surfaces (plastic, glass, and metal) can occur and thus, 
when possible, strategies to minimise sample loss should be in place to maximise peptide 
recovery (DeLano et al., 2021). 

Sample preparation. The main goal of sample preparation for analysis is to ensure the 
sample’s compatibility with downstream sample manipulations. As with any untargeted 
omics study, peptidomics typically aims to characterise as broad a peptide profile in a 
sample as possible, and thus, sample preparation might present a unique set of 
challenges. Due to the broad range of peptides’ physicochemical properties (polarity, 
electrical charge, and molecular size) in the biological samples, an increased sample 
preparation selectivity for peptides with specific chemical properties will typically result 
in a diminishing global profiling coverage (Finoulst et al., 2011). For example, commonly 
used peptide desalting and clean-up (solid-phase extraction, SPE) after tryptic digestion 
of proteins (used in proteomics) might not be well suitable to analyse smaller naturally 
occurring peptides due to differences in hydrophobicity and thus, potentially resulting in 
their loss during reversed-phase SPE. Peptides with up to 6 amino acid residues are 
typically fully dissolved in water unless the entire sequence of the peptide consists of 
hydrophobic amino acids, such as W, L, I, F, M, V and Y. However, longer peptides might 
require adjustment of pH or the addition of an organic solvent to ensure full solubility. 
Therefore, for untargeted peptidomics, the least invasive and balanced sample 
preparation that ensures sample solubility and compatibility with subsequent analysis is 
often preferred due to the least adverse effect on the sample composition.  
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Protein precipitation is a frequently used technique to remove peptides and proteins 
that, under reversed-phase (RP) and hydrophilic interaction chromatography (HILIC) 
conditions used for peptidomics, might otherwise precipitate during instrumental 
analysis, potentially resulting in loss of the sample or even damage to the hardware  
(Fic et al., 2010). However, the precipitation solvent and protocol should be carefully 
designed to avoid diminishing recovery of peptides due to sugaring-out, associated with 
precipitation of biological matrices rich in sugars (Wang et al., 2008). 

Another sample preparation method that provides easy sample clean-up with 
minimal undesired side effects is ultrafiltration (Boukil et al., 2018). Ultrafiltration allows 
the analysis of specific molecular weight ranges, unobstructed by compounds outside of 
the desired molecular weight range. However, ultrafiltration should be used with some 
caution as it might not remove all compounds, precipitation of which might occur under 
the aforementioned conditions.  

Lastly, chromatographic sample fractionation is often considered part of sample 
preparation, while it is an equally valid part of two-dimensional liquid chromatography 
(2DLC). In this thesis, chromatographic fractionation will be further discussed in the 
section on peptide separation by liquid chromatography.  

1.5 Instrumental Steps for Untargeted Peptide Analysis 
This thesis primarily focuses on the hyphenation of liquid chromatography to 
electrospray ionisation-based (ESI) high-resolution mass spectrometry (HRMS). Even 
after many decades of continuous research, improvement, and application of both liquid 
chromatography and mass spectrometry, there is still significant room for further 
improvement of sensitivity, linear and dynamic ranges, ion mobility resolution, and 
identification accuracy. The technicalities of each will be discussed in subsequent 
sections.  

1.5.1 Sample Introduction in LC-MS Analysis of Peptides 
Sample introduction is an intermediate step between sample preparation and 
instrumental analysis. Although there are two main ways of introducing the sample into 
the system, namely infusion and injection, the latter is used in combination with LC. 
Sample introduction should facilitate the transfer of the prepared sample into the LC 
system without causing sample/analyte alternations or loss.  

As mentioned in the sample preparation section, one of the most prominent issues 
encountered during sample introduction (but which also applies to many subsequent 
sections) are non-specific interactions of analytes with the sample-wettable metal-based 
surfaces, such as storage containers, sample needles, transfer tubing as well as analytical 
columns (DeLano et al., 2021; Liu et al., 2022). For example, phosphorylated compounds, 
including but not limited to phosphopeptides, are known to non-specifically adsorb onto 
sample-wettable surfaces of the regular LC systems (Guimaraes et al., 2022). A common 
counteraction against this is the replacement of commonly used stainless-steel 
components with those from alternative materials, e.g., titanium-based and polyether 
ether ketone (PEEK)-lined components. Although titanium-based hardware shows 
improvement compared to stainless steel, titanium is still a metal and does not fully 
mitigate the issue. PEEK-lined hardware greatly minimises secondary interactions but 
suffers from reduced structural integrity compared to metal-based hardware and thus 
cannot be fully deployed in ultrahigh pressure applications. One of the most promising 
developments is the proprietary surface treatments that mitigate the undesired 
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interactions. One such treatment is MaxPeak high-performance surface (HPS) treatment 
by Waters (Milford, MA, USA). Surface treatment can not only be applied to the LC 
hardware but also to the inner surface of analytical columns showing great recovery of 
the intensity of such challenging compounds such as phosphopeptides (Isaac et al., 
2022). HPS can also be applied to the sample container surfaces greatly improving the 
long storage recovery and sensitivity of “sticky” compounds (Liu et al, 2022). 

Although not peptide-specific, another important aspect that is often overlooked is 
the specifics of various injection mechanisms. The main injection mechanism types 
employed in LC are either a fixed loop (FL) or a flow-through needle (FTN) (Gritti et al., 
2022). Unlike FTN, FL is characterised by the sample needle not being part of the main 
mobile phase flow path. A sample is aspirated into a loop, that is isolated from the flow 
path during aspiration, which is then incorporated into the flow part via a fluidics valve 
position switch. In the FTN configuration, the needle is a part of the main flow path and 
acts as a sample loop, facilitating aspiration, storage, and transfer of the sample. 
Although serving the same purpose, both systems have notable differences. The first 
difference is the volume of sample needed with sample aspiration, which might be crucial 
for applications with a limited sample quantity. In FTN-based systems, the injected 
volume is typically the same or very close to the consumed sample volume. However,  
in FL-based systems, the consumed sample volume needs to be adjusted for the sample 
needle volume (typically 10-30 µL) which facilitates the transfer of the sample from the 
sample vial to the loop. The second difference is the increased system volume of  
FTN-based compared to FL-based and consequently, increased system dispersion. 
Minimisation of system dispersion typically results in increased chromatographic 
performance. 

1.5.2 Peptide Separation by Liquid Chromatography 
Three main types of LC-based applications in combination with MS can be used in 
peptidomics. First, flow injection analysis (FIA) is an application of LC-MS without any 
chromatographic separation and relies purely on the resolving power of the mass 
spectrometer (Nanita and Kaldon, 2016). Although this type of experiment is typically 
characterised by very high throughput with analytical runs often lasting as little as a few 
seconds per sample, it greatly suffers reduced peak capacity (maximum number of 
chromatographically resolvable peaks) and selectivity due to the lack of chromatographic 
separation (Sarvin et al., 2020). The second and most common type is single-dimensional 
chromatography which relies on the selectivity of a single column to separate analytes 
that are detected by the MS upon elution. Last, the most complex but showing the 
highest potential is multidimensional chromatography which combines multiple 
complementary separation mechanisms into one analysis. 

Chromatographic selectivity considerations for peptide analysis. Similar to sample 
preparation for liquid chromatography, the three primary characteristics of peptides that 
determine their separation in LC are polarity, electrical charge, and molecular size 
(Bagdett et al., 2018). For untargeted peptidomics of small molecular weight peptides, 
the most often used separation methods are reversed-phase (Figure 5), which are  
often characterised by poor retention of polar analytes, and HILIC (Figure 6). Both 
reverse-phase and HILIC are used to separate analytes primarily based on their polarity. 
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Figure 5. RP chromatogram of yeast extract. Poor retention (coelution and peak broadening) of 
polar analytes can be seen within the first 2.5 minutes of the chromatogram. 

 

 
Figure 6. HILIC chromatogram of yeast extract. 

Unlike RP, HILIC often benefits from the improved signal intensity of eluting analytes 
due to a higher ratio of organic solvent in the initial mobile phase (easier to evaporate 
compared to the highly aqueous mobile phase used for RP), which results in higher 
ionisation efficiency of analytes. 

Although typically with lesser efficiency, the size exclusion chromatography (Figure 
7) (Heusel et al., 2019) and ion exchange/exclusion chromatography can also be used for 
specific peptidomics applications (Valeja et al., 2015).  
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Figure 7. Size exclusion chromatogram of yeast extract. 
 
Most frequently applied RP chromatography is based on C18 column chemistry that 

is often modified to withstand higher concentration aqueous mobile phases and provide 
additional retention of highly polar compounds (especially useful for smaller polar 
peptides) compared to unmodified (bare silica) C18. Among HILIC-type columns,  
the most common ones are unmodified HILIC, amide, amine, and sulfobetaine-based 
column chemistries. A wide range of column selectivity options coupled with specific 
conditions, such as mobile phase modifiers, provides scientists with a great toolkit to 
tackle the most challenging of samples. However, the complexity of biological samples 
still often exceeds the selectivity and peak capacity of a single column and thus,  
two-dimensional chromatography (2DLC) has a great potential for further selectivity, 
sample concentration and dynamic range improvement (Zhu et al., 2021).  

 Two-dimensional applications for peptide analysis. There are two main types of 2DLC: 
online and offline. First, online 2DLC implies the use of both columns within the same 
analytical run, i.e., peptides separated by the first column are then further separated by 
the second column. However, unlike two-dimensional gas chromatography (GCxGC) 
(Ralston-Hooper et al., 2008), where analyte trap/release is efficiently implemented by a 
thermal modulator (as a major compound elution mechanism primarily depends on the 
temperature), trap/release on online 2DLC can be achieved under very specific 
conditions that are typically not very applicable for untargeted analysis of smaller 
peptides (Liu et al., 2007). For example, coupling complementary RP and HILIC into online 
2DLC is not feasible as the mobile phase with weak elution strength for the first 
dimension acts as a mobile phase with high elution strength for the second dimension, 
making a separation in the second phase ineffective. Offline 2DLC (introduced in the 
sample preparation section), on the other hand, benefits from intermediate sample 
manipulation, such as eluent removal and reconstitution with a suitable solvent for the 
second dimension, before further separating analytes in the second column. Even though 
such sample handling requires more steps and can potentially lead to increased 
variability, it is highly scalable to multiwell plate formats, remarkably increasing the 
method throughput. Moreover, stacked fractionation injections can be used to 
significantly concentrate compounds present in low concentrations. 

 Column dimensions considerations for peptide analysis. Continuous improvement of 
analytical columns’ properties, as well as diversification of column chemistries and 
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dimensions, allows scientists to find solutions that are specifically tailored for peptide 
applications. Reduction in particle size to sub 2 micrometres resulted in the transition of 
LC-based methods from conventional high-pressure liquid chromatography (HPLC) to the 
so-called ultrahigh pressure liquid chromatography (UHPLC), that in comparison to HPLC 
is characterised by increased resolving power (theoretical plate number) even at higher 
linear velocities and increased column backpressure for the column with the same 
dimensions.  

 Particle size, column length, and column internal diameter (ID) are the major 
parameters when it comes to balancing between the sample throughput and the analyte 
coverage depth, as well as the amount of sample that can be efficiently loaded onto a 
column. Columns as short as 30 and 50 mm are typically used for applications where 
sample throughput is more important (e.g., for samples with low complexity) than the 
depth of the analyte coverage. Alternatively, columns upwards of 500 mm in length are 
frequently applied for metaproteomics to study samples with higher complexity to 
achieve the deepest profiling coverage possible (Roberg-Larsen et al., 2021). However, 
such applications are limited by extremely low throughput, where analytical runs can 
sometimes last over 10 hours. As a result, columns 100-150 mm in length are most 
frequently found in the methodological sections of untargeted metabolomics studies, 
providing the best balance between peak profile, sample capacity, resolution, and 
throughput.  

 In addition to particle size reduction, the improvement of manufacturing precision 
and accuracy resulted in the ability to produce and pack columns of smaller and smaller 
IDs. The transition from HPLC to UHPLC resulted in a reduction of analytical column ID 
from typically used 4.6-7.8 mm to 2.1 mm or narrower. The main positive change 
associated with the reduction of column ID is the reduction of mobile phase flow rate to 
achieve the same performance, which is highly beneficial for applications using MS, as 
ionisation efficiency is highly dependent on the ability to dissolve eluent in addition to 
the ability to sample the resulting ion plume. The typical UHPLC mobile phase flow rates 
used with 1-2.1 mm ID analytical columns are 100-1000 µL per minute. In contrast, 
nanoUHPLC-based applications are characterised by columns with a typical ID between 
75 and 150 µm, resulting in flow rates as little as 100 nL per minute. An intermediate 
solution bridging the two is microUHPLC, which is typically represented by capillary 
columns with an ID of 300 to 500 µm and flow rates of 1-30 µL per minute. 

 For higher throughput applications, the higher mobile phase flow rate required to 
achieve a higher linear velocity with analytical columns results in not only a significant 
solvent consumption of expensive LC-MS-grade solvents, but also in a significant 
overspray as mass spectrometers’ sampling efficiency is typically limited at around  
100 µL per minute. Although benefiting from significantly increased sensitivity (Figure 8), 
the application of nanoUHPLC columns can often result in the requirement for longer 
equilibration times between runs and dedicated hardware for low-flow applications 
which are prone to leaks that are hard to detect. The nano emitters or sprayers, used for 
low-flow applications, due to their narrower inner diameter (1-10 µm), are also highly 
sensitive to a column overload and can result in a blockage due to too concentrated 
sample injected and may require additional sample load normalisation steps during 
sample preparation.  
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Figure 8. Signal response increase with a decrease in flow rate (Reprinted with permission from 
Schmidt et al., 2003. Copyright 2022 American Chemical Society). 

MicroUHPLC applications, despite also requiring specialised hardware to optimise 
system volume and low flow rate stability, coupled with column length of 100-150mm, 
strike the best balance in terms of sample throughput, chromatographic and mass 
spectrometric performance. 

Analysis of peptides is often characterised by shallow analytical gradients that start 
with nearly 100% aqueous mobile phase and reach 30%-40% organic mobile phase.  
A binary solvent manager suits this kind of application best, as it provides the highest 
mobile phase mixing accuracy in addition to minimal system volume (compared to a 
quaternary system), especially when coupled to a fixed loop sample manager. 

All available technical options described above and variability in column chemistries 
dictate the importance of understanding the advantages and limitations of each 
configuration to be able to tailor a system for specific application needs. 

1.5.3 Peptide Analysis by Mass Spectrometry 
The mass spectrometer is a mass selective detector, suggesting that it does not only 
record a signal corresponding to the concentration of an analyte and its intensity but also 
records resolving mass spectra (MS1) (Ramachandran and Thomas, 2021). The most 
common types of mass spectrometers used in untargeted analysis are high-resolution 
mass spectrometers that are based on time of flight (TOF) or Fourier transform (FT) 
technologies (orbitrap and Fourier transform ion cyclotron resonance). Like in 
chromatography, due to the ever-increasing requirement for chemical space profiling 
depth, in mass spectrometry, there is never enough selectivity, sensitivity and dynamic 
range (Liu et al., 2007). High-resolution mass spectrometers are characterised by higher 
resolving power, but also by the ability to measure accurate mass. The resulting 
accurately recorded and isotopically resolved ion species lay the foundation for the 
quantitation and identification process, namely deconvolution and generation of the 
compound’s molecular formula. However, this alone is insufficient to identify a 
compound.  

Common peptide fragmentation mechanisms. A combination of various mass analysers 
allowed for not only improvement of selectivity, but also sensitivity and dynamic range 
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(accurate detection and measurement of intensity within a broader range of 
concentrations or same spectrum) of many instruments (Valletta et al., 2021). The most 
frequent combination of HRMS is with a quadrupole (Q) mass analyser and a collision 
cell, allowing for various types of additional experiments, the most useful of which is the 
fragmentation of quadrupole isolated precursor ions, the fragment ions of which are 
resolved and detected by the high-resolution mass analyser, commonly referred as 
MS/MS or MS2 (daughter scan) experiment. Recorded MS2 spectra are used for 
interpretation of the molecular structure of a precursor ion or, in targeted analysis, also 
for quantitative purposes. Despite seeming similar, it must be pointed out that an MS2 
experiment does not equate to an MS/MS experiment. Unlike the MS2 spectrum, which 
is simply a result of fragmentation (which may not involve precursor ion isolation),  
an MS/MS experiment refers to precursor ions isolation before fragmentation. In the 
case of specific instrument configurations (ion trap, FT or systems with multiple collision 
cells) multiple fragmentation experiments MS/MS/MS or MS3/MSn can be carried out to 
further improve identification accuracy (Olsen and Mann, 2004). 

There are multiple options to fragment an ion. When it comes to the analysis of 
peptides, the most common fragmentation methods are collision-induced dissociation 
(CID), higher energy collision dissociation (HCD, used in FT instruments), and electron 
transfer dissociation (ETD) (Ramachandran and Thomas, 2021). During CID and HCD,  
the kinetic energy of ions is increased via collisions with collision gas, which results in an 
internal conversion of kinetic energy into vibrational activation (Michalski et al., 2012). 
During ETD, positively charged ions are fragmented by electron transfer and, unlike CID 
and HCD, efficient application of ETD is limited to multiply charged species only (Kim  
et al., 2010). Although the application of ETD is limited for very small peptides (that 
commonly ionise as singly charged species), it still finds uses for the detection of labile 
post-translational modification in native oligopeptides (Huang et al., 2019) as well as 
complementary to the CID/HCD fragmentation mechanism for longer peptides. 
Instruments capable of MSn can even be configured to combine ETD and CID/HCD. When 
it comes to differences between CID and HCD, it must be highlighted that for FT 
instruments under similar conditions, HCD tends to result in a capture of a higher number 
of smaller fragment ions. For instruments with a linear pass-through collision cell (such 
as QTOF), using a collision energy ramp with CID results in a wide range of fragments that 
would be characteristic of multiple collision energy states and thus, is preferential for 
high throughput applications, as it reduces the number of MS2 experiments required for 
broader profiling. 

The differences in the fragmentation mechanisms result in different peptide 
backbone fragmentation patterns. During peptide backbone cleavage up to 6 distinct 
site-specific fragment types can form (Figure 9). While CID and HCD typically result in the 
formation of b- and y-type fragments, a-type fragments, as well as the loss of ammonia 
(in RKNQ amino acids) and loss of water (in STED amino acids), can also be sometimes 
observed. ETD typically results in c- and z-type fragments.  

Similar to CID, in-source fragmentation is referred to as any ion fragmentation which 
takes place before the collision cell. Although typically preferred to be avoided, in-source 
fragmentation is often applied on instruments lacking a collision cell to produce  
pseudo-MS2 or increase the number of subsequent fragmentations using a collision cell. 
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Figure 9. Peptide backbone fragmentation pattern. Adapted from “peptide fragmentation 
nomenculature” by C. Rath, 2011 

 
Data acquisition strategies for untargeted analysis of peptides. For complex samples 

with unknown composition, automation and parallelisation of MS2 spectra generation 
and processing were required to achieve a higher number of identified compounds per 
sample. An acquisition mode known as data-dependent acquisition (DDA) was proposed 
to help with automation (Bateman et al., 2014). DDA operates under the premise of 
automated triggering MS/MS experiment upon reaching the precursor ion (e.g., peptide) 
intensity threshold in MS1 and hence, is called data dependent. State-of-the-art mass 
spectrometers usually allow for rapid acquisition of data from multiple MS/MS 
experiments within one cycle. Although this strategy provides clearer fragmentation 
information (due to active narrow isolation of precursor ions with quadrupole before 
fragmentation), it often cannot keep up with sample complexity and modern separation 
techniques. Every additional MS/MS event requires additional time that extends the 
overall cycle time thus reducing acquisition speed. Although the required data point 
number per chromatographic peak in the untargeted analysis is less strict than in 
targeted analysis, an accurate and reproducible peak integration must still be ensured. 
Reduction of acquisition speed limits the high throughput separation applications that 
are typically characterised by faster separation and thus, narrower chromatographic 
peaks. It is not only challenging to combine high throughput with DDA, but also the 
possibility of missing an MS/MS experiment due to limited time within the 
chromatographic peak complicates the matter even further. Moreover, within biological 
systems, there is a great likelihood of variability in the analyte concentration that leads 
to a potential situation where the concentration of peptides might remain below the 
MS/MS-triggering threshold resulting in a false negative result in some of the samples. 
Additionally, unlike TOF, FT-based systems’ resolving power depends on the scanning 
speed, i.e., the higher acquisition speed, the lower instrument’s resolution, thus 
diminishing the highest advantage of FT-based systems (resolving power).  

Although HRMS is characterised by the higher resolution of the main analyser,  
the precursor ion isolation is still carried out by a typically low-resolution analyser, such 
as a quadrupole or ion trap. This can often result in coeluting compounds with similar 
near-isobaric mass-to-charge ratios (m/z) being co-fragmented and interfering with each 
other’s identification (chimeric spectra). Moreover, after a successful MS/MS experiment 
the precursor ion is typically excluded for the following 30-60 seconds after acquisition 
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resulting in an increased chance of not triggering the MS/MS experiment for closely or 
co-eluting peptides with similar or identical m/z. 

Considering the limitations of DDA, data-independent acquisition (DIA) has been 
introduced as an alternative (Jiang et al., 2022). Unlike DDA, native DIA does not rely on 
the threshold-based triggering of quadrupole-based isolation and hence, is not dependent. 
DIA operates by sequentially alternating between non-fragmenting collision energy  
(low energy) and fragmenting collision energy (high energy). In contrast to DDA,  
this approach ensures no missed data and benefits from a wider dynamic range, but it 
suffers from inaccuracies during the alignment of fragment and precursor ions as DIA 
relies exclusively on the accurate integration of the peak’s lift-off, apex, and touch-down 
points. Further improvements to the DIA experiment include increased selectivity for 
complex samples to reduce dependency on chromatography. Two main strategies such 
as stepping/scanning quadrupole and ion mobility separation (IMS) were introduced and 
discussed next (Puyvelde et al., 2022).  

DIA selectivity enhancement strategies. Quadrupole-enhanced DIA is a hybrid 
between DDA and native DIA (Chen et al., 2021). Instead of isolating a narrow m/z 
window (1-4 m/z) that has been selected by software based on MS1 scan precursors, the 
quadrupole indiscriminately steps or scans over the user-defined m/z range with an 
application optimised transmission window (typically 10-50 m/z) providing higher MS2 
spectral clarity than native DIA. It is important, however, to highlight the difference 
between stepping (SWATH, Sciex AB) and scanning quadrupole (SONAR, Waters) DIA 
approaches. Although quadrupole-enhanced DIA modes decrease the overall duty cycle 
on an instrument (number of ions entering the MS vs number of ions reaching the 
detector), as stepping and scanning quadrupoles affect both MS2 and MS1 scans, it greatly 
improves spectral clarity and identification accuracy, thus profiling depth for application 
without sample quantity limitations. In the case of complex samples, where the coeluting 
analytes can often fall within the same quadrupole transmission window, SONAR 
provides improved discrimination power due to the scanning of the transmission 
window. In practice, during quadrupole scanning, unless isotopic patterns of two 
coeluting compounds overlap, there is a higher likelihood of the quadrupole transmission 
window reaching the analyte with lower m/z before it reaches any subsequent analytes 
of higher m/z. 

The ion mobility (IM) presents a complementary separation mechanism, which  
unlike quadrupole-based selectivity enhancement approaches, utilises alternative to  
mass-to-charge ratio ion properties (Puyvelde et al., 2022). Ion mobility generates and 
measures the effect that an electric field has on the ions moving through a gas phase. 
According to Gongyu et al. (2020), the ion mobility separation (IMS) mechanisms that are 
frequently applied to HRMS can be subdivided into 3 main categories: 

• Temporally dispersive 
o Drift tube IMS (DTIMS)  
o Travelling wave IMS (TWIMS) 

• Field dispersive 
o Trapped IMS (TIMS) 

• Spatially dispersive  
o Field asymmetric IMS (FAIMS); cylindrical geometry 
o Differential mobility separation (DMS); planar geometry 
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Unlike the spatially dispersive ion mobility separation mechanisms, both temporally 
and field dispersive ion mobility separations that use a trap/eject mechanism can be 
calibrated to measure the ions’ collision cross section (CCS). Not only are DT-/TW-/TIMS 
used to increase the peak capacity and spectral clarity while maintaining or improving 
the duty cycle (unlike the quadrupole enhanced DIA and spatially dispersive IMS),  
but the CCS has also started gaining additional value as an extra identification qualifier  
(Tejada-Casado et al., 2018). In some cases, the use of IMS also results in the 
improvement of the method’s sensitivity, due to background noise reduction after the 
application of the IMS filter.  

All IMS-MS mechanisms to a lesser or greater degree can be tuned to allow the 
transmission of ions of a particular charge state. This is frequently applied for the analysis 
of oligopeptides with great success by excluding the transmission of singly charged ions 
and thus, eliminating the interfering background. Recent studies demonstrate the 
application of FAIMS combined with DIA for longer peptide identification, resulting in a 
higher number of proteins identified (Bekker-Jensen et al., 2020). However, it must be 
pointed out that the same studies also show that the operation of FAIMS in combination 
with DDA results in a reduction of peptide and protein identifications. 

The attempts to combine IMS with quadrupole-enhanced DIA have been made. Most 
notable was the recently introduced parallel accumulation serial fragmentation 
combined with the data-independent acquisition (diaPASEF) by Matthias Mann’s group 
in collaboration with Bruker (Meier et al. 2020). The method capitalises on the 
correlation between mass to charge ratio and ion’s mobility to further improve the duty 
cycle of the instrument while proving an even greater increase for the precursor 
identification specificity. However, despite all the recent advancements, there is still a 
significant room for further improvement in selectivity and acquisition performance. 

1.6 Post Instrumental Steps 

1.6.1 Data Pre-Processing  
Pre-processing of HRMS data plays an important role to correct mass axis deviations and 
prepare data for subsequent analysis. Pre-processed peak intensities are often 
normalised between different analytical runs (either using spiked standards or other 
kinds of housekeeping ions) and chromatographic profiles are aligned based on retention 
time (RT). The resulting data is then used to co-detect peaks based on m/z, RT and,  
if available, CCS or drift time across the study sample set. As DDA is known to suffer from 
data completeness issues, “match between runs” algorithms were developed to try to 
mitigate the problem by extrapolating the data from the peaks that triggered MS/MS to 
the peaks that were below the triggering intensity threshold.  

With a high chemical complexity of the sample comes an even higher complexity of 
the data. This is especially true for data recorded as profile (opposed to centroid) and 
containing IMS data. Working with such information-rich data requires high 
computational resources in addition to application-specific workflows for both alignment 
and identification. 

1.6.2 Statistical Analysis 
Depending on the sample, the data generated from untargeted peptidomics analysis can 
be often very complex, for example, resulting from a high number of proteins with 
unknown sequences hydrolysed by proteases with unknown specificities. Steps to reduce 
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the data complexity which in turn reduces processing time should be taken. Statistical 
analysis and subsequent data filtration can help with multiple aspects associated with 
untargeted workflows. First, statistical methods such as ANOVA are often used to 
exclude the differences between the mean values of different groups that are not 
statistically significant or are random (Nakayasu et al., 2021). The use of principal 
component analysis and orthogonal/partial least squares-discriminant analysis  
(O/PLS-DA) allows feature clustering and visualisation of grouping differences (Windarsih 
et al., 2022). Not only does it help to visualise the differences and grouping, but also, in 
the case of using pooled QC sample, ensures the validity of the experimental design. 
Blank samples are invaluable assets in eliminating background from the analysis.  
As previously mentioned, power analysis is used to calculate the minimum number of 
samples required to detect a statistically significant difference between groups.  

1.6.3 Peptide Identification in Complex Matrices 
As the ultimate goal of peptide profiling (i.e., peptide identification) is to elucidate its 
amino acid sequence, three main peptide identification strategies are commonly used. 
Firstly, peptide mapping or database search is effectively used when peptides originate 
from a protein the sequence of which is known. Considering protease/peptidase 
specificity (if known), unknown peptides are matched against all theoretical peptides 
that can be a result of the hydrolysis of a given protein(s). Secondly, in case of unknown 
protein sequence or unelucidated protease/peptidase specificity de novo sequencing can 
be carried out that attempts to predict oligopeptide composition purely based on the 
fragment ions of particular precursor ions. Thirdly, in the case of small peptides, typically 
2-5 AA, identification can often be carried out via the existing in-silico databases 
(ChemSpider Peptides and METLIN) that have been generated before the analysis.  

One of the biggest challenges in peptide identification is insufficient identification 
accuracy for unambiguous identification assignments. Unlike higher molecular weight 
oligopeptides, which due to a higher number of peptide bonds tend to ionise with a 
higher charge state (≥ 2+), smaller molecular weight peptides (2-5 AA) most commonly 
ionise as singly charged ions. The singly charged species produce fewer selective fragments, 
which leads to a reduced identification accuracy, which unlike longer peptides, renders 
short peptides not highly applicable to de novo sequencing. Fragmentation of quadrupole 
isolated precursor ions at various fixed collision energies can provide defining fragment 
ion ratios, resulting in a higher degree of confidence in identification results, but such 
experiments are ultimately aimed at identification confirmation of a small number of 
molecules against standards of peptide candidates and are not very applicable to large 
studies where identification of hundreds or thousands of peptides is a priority. 

Ion mobility separations capable of measuring the ion’s CCS provide an extra qualifier 
to reduce false positive, potentially separate isobaric peptides and result in higher 
confidence in identification results. While CCS measurement is a relatively novel 
application and empirical CCS libraries are being constantly updated with new entries 
(including different adducts), a computational approach provides a more cost-efficient 
alternative to profiling thousands of compounds (Zhou, Tu and Zhu., 2018). 

Finally, another useful tool for validation of identification is the adducts (including 
neutral loss) formed during ionisation (Liu et al., 2015). For example, in positive 
electrospray ionisation adducts would commonly include protonation of various degrees, 
and formation of sodium, potassium, and ammonia adducts. Neutral loss, such as loss of 
water, is frequently observed and can be either result of an analyte-specific ionisation 
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mechanism or a result of unoptimised voltages leading to in-source fragmentation.  
In some cases, two conflicting adducts can result in misidentification. For example, even 
though the loss of water is a likely event during the ionisation of some organic and amino 
acids, it is not very common during peptide ionisation. For example, a protonated 
tripeptide Ala-Pro-Leu and protonated with a loss of water tripeptide Ser-Val-Leu will 
result in the same deconvoluted molecular formula of C14H27N3O5 and practically 
indistinguishable fragmentation patterns. Hence, loss of water should be considered for 
peptide identification with precaution. 

1.6.4 Peptide Quantification 
Quantification presents the last, but, perhaps, one of the most challenging processes in 
the untargeted peptide analysis of biological samples. The analyte concentration ranges 
are often greater than the dynamic range of any modern MS instruments (Beri et al., 
2015). Accurately measuring the concentration of analytes in one analysis is very 
challenging as the concentrations may differ up to several orders of magnitude. 

Mass spectrometry is intrinsically not quantitative. However, using internal (including 
isotopically labelled) and external standards, it can be calibrated to produce an absolute 
concentration value for a particular analyte of interest. This forms the basis of targeted 
analysis, where all compounds of interest are measured against a calibration curve of 
response ratios between the analyte and an isotopically labelled version of the analyte 
(Feteisi et al., 2015). However, this approach is not the most cost-efficient and with an 
increasing number of analytes increases the associated cost of analysis. Relative 
quantification or screening (for previously identified/profiled compounds) typically uses 
a normalised sample load combined with a spike with a set of non-endogenous to the 
sample standards to account for inter- and intra-sample variation (Kultima et al., 2009; 
Graw et al., 2020). Analyte response values normalised against spike standards provide 
relative amounts of the same analyte that can be used for comparison between samples. 
The quantitative accuracy of this approach is highly limited compared to the targeted 
workflow, but the use of relative abundances still allows for making decisions on the 
statistical importance of the chemical space of the sample.  

Label-free quantification (LFQ) used in proteomics relies on the quantification of 
post-digest oligopeptides, ionisation efficiency of which levels out with an increase in 
peptide length (>6 AA). Shorter peptides have been demonstrated to have a vast 
difference in ionisation efficiency and are not applicable for LFQ (Liigand et al., 2018). 

In recent years, computational approaches to estimate ionisation efficiency are being 
proposed. The studies are, however, frequently limited by the experimental design of 
the studies and a lot of further research is required to utilise similar approaches to 
mainstream applications (Liigand et al., 2018). 

1.6.5 Peptide Derivatisation 
Derivatisation of short peptides could potentially allow tackling some of the 
shortcomings of identification and quantification workflows.  Qiao et al. (2012) claim that 
derivatisation of unmodified peptides with hydrophobic and/or basic groups will result 
in not only improved reversed-phase chromatographic performance (increased 
hydrophobicity resulting in higher column retention of polar peptides) but also increased 
ionisation efficiency (hydrophobic peptides undergo gas-phase protonation more easily). 
Moreover, neutralisation/derivatisation of the negative charge of the carboxyl group via 



26 

derivatisation could further improve ionisation efficiency as well as increase the peptide’s 
charge state (Frey et al., 2013).   

Selective derivatisation of the C- and/or N-terminus of a peptide could result in the 
generation of specific fragments that would further improve identification assignment 
accuracy (Wang et al., 2009). However, this approach would require extended sample 
preparation to account for kinetics experiments with time series, where derivatisation 
would be required after each time point. Moreover, a dedicated software workflow 
would need to be created to account for peptide modifications caused by derivatisation. 
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2 Aims of the Dissertation 
The main objective of this thesis was to investigate and further develop methodologies 
for the analysis of peptides in various biological samples to improve the profiling 
coverage and throughput of untargeted peptides screening. 
 
The developed workflows were tested for the following applications and categorised into 
three case studies: 
• Case Study I: Profiling of peptide composition during cheese ripening (Publication 

I and Publication II) 
• Case Study II: Characterisation of protein hydrolysate composition produced with 

the protease of unknown specificity and screening of peptide consumption by 
yeast during alcoholic fermentation (Publication III, Supplementary Study I)  

• Case Study III: Untargeted peptide analysis to study the effects of different 
brewers’ malts and mashing regimes on wort peptide profile (Supplementary 
Study II) 
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3 Materials and Methods 
More specific information regarding the methods used in each published study can be 
found in the corresponding publications (Appendix 1, Appendix 2, and Appendix 3).  
The following sections are presented as a consolidated part of the materials and 
methods, providing a broader overview, as well as outlining important aspects of 
supplementary studies.  

3.1 Sample Matrices 
In Publications I and II, peptide profiling of two different kinds of cheese (Gouda and 
Emmental) was developed and carried out in response to different ripening conditions.  

In Publication III and Supplementary Study I, a methodology for analysis of the 
composition of small peptides in protein hydrolysates prepared with protease(s) of 
unknown specificity was developed and used to monitor their consumption by yeast 
during fermentation of hydrolysate spiked synthetic grape must. 

In Supplementary Study II, the effect of different mashing regimes of malt was 
explored on peptides composition in the resulting worts. 

3.2 Sample Preparation 
In Case Study I (Publications I and II), sample preparation of cheese water-soluble 
extracts (pH 4.6) for LC-MS analysis was accompanied by protein precipitation with 
acetonitrile and the following removal by centrifugation. Unlike in Publication I, in 
Publication II the requirement to normalise the sample load on the column was mitigated 
by using a larger internal diameter analytical column with higher load tolerance as well 
as a regular ESI source and thus, sample load normalisation was omitted. 

In Case Study II (Publication III and Supplementary Study I), sample preparation of 
synthetic grape must and bovine serum albumin hydrolysate for LC-MS analysis was 
carried out by ultrafiltration and protein precipitation with acetonitrile and centrifugation. 
In Supplementary Study I, the enzymatic hydrolysis of bovine serum albumin (40 g/L) was 
performed in 10 mL potassium phosphate buffer (0.5M, pH 7) at 45°C for 24 hours. Three 
commercial proteases: Corolase® 7089, Corolase® 8000 and Corolase® APC (AB Enzymes, 
Darmstadt, Germany), and combinations thereof were studied. Samples preparation of 
BSA hydrolysate consisted of ultrafiltration and protein precipitation, as used in 
Publication III.  

In Case Study III (Supplementary Study II), different malts (Château Pilsen 2RS, 
Château Pale Ale and Château Distilling) were acquired from La Malterie du Château SA 
(Verviers, Belgium).  The worts were produced by mashing 440 grams of milled malt in  
2 litres of distilled water. For each malt, three different mashing regimes were applied 
(Figure 10): mash 1 (67°C for 60 min); mash 2 (20 minutes at 50°C followed by 60 minutes 
at 67°C); mash 3 (20 minutes at 40°C, then 20 minutes at 50°C, followed by 60 minutes 
at 67°C). After mashing, the worts were boiled for 60 minutes and then cooled down to 
room temperature on ice. The worts were subsequently centrifuged at 4667 g to remove 
insoluble debris.  
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Figure 10. Temperature profiles of the different mashing regimes used in Supplementary Study II. 

Due to the low peptide concentrations in the obtained worts, the samples required 
concentration before further analysis by HRMS. For concentration via evaporation, 
viscosity-increasing fermentable sugars were removed by fermentation of worts with a 
yeast strain in which the genes encoding for peptide transporters were knocked out 
(Becerra-Rodríguez et al., 2021). To promote dextrin hydrolysis, glucoamylase (0.1% w/w, 
MEGA PACIFIC TECHNOLOGY INC, Arcadia CA, USA) was also added.  

3.3 Instrumental 

3.3.1 Liquid Chromatography 
In Publication I, a nanoUHPLC-FL (NanoAcquity, Waters Corporation, Milford, MA, USA) 
system was used. The LC system operated in forward-trap mode. A short column with a 
larger diameter and particle size (Acquity UPLC® Symmetry C18 Nanoacquity 10 k 2 g 
V/M, 100A, 5 µm, 180 µm × 20 mm, Waters Corporation, Milford, MA, USA) was used to 
trap peptides that were then analysed with a nanoUHPLC column (Acquity UPLC® M-Class 
HSS T3, 1.8 µm, 75 µm × 150 mm, Waters Corporation). 

In Publication II and III, as well as Supplementary Study I and II, an analytical  
UHPLC-FL (I-Class Plus, Waters Corporation, Milford, MA, USA) using Acquity UPLC® HSS 
T3 (1.8 µm, 1 × 150 mm, Waters Corporation) was used. Chromatographic conditions 
used in Supplementary Study I and II were identical to Publication III. 

3.3.2 Mass Spectrometry 
For Publication I, a MALDI SYNAPT G2-Si mass spectrometer (Waters Corporation, 
Milford, MA, USA) with NanoLockSpray exact mass ionisation source was used.  
The instrument was operated in MSE (DIA mode) as the travelling wave ion mobility 
separation option was not enabled. 
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For the remaining publications and supplementary studies, Vion IMS QTof mass 
spectrometer (Waters Corporation, Milford, MA, USA) was used and operated in HDMSE, 
TWIMS-enabled DIA. 

3.4 Data Processing and Analysis 
Data processing was carried out using various software packages and workflows. 

In Publication I, MassLynx (Waters Corporation, Milford, MA, USA) and Progenesis QI 
for Proteomics (Nonlinear Dynamics, Newcastle, UK) were used to acquire, process, and 
analyse the raw data.  

In Publication II, UNIFI large molecule package (Waters Corporation, Milford, MA, 
USA) in conjunction with in-house data analysis and visualisation scripts written in the 
PythonTM programming language (Python Software Foundation, Wilmington, USA) were 
used to acquire, process, analyse and visualise the raw data. 

In Publication III and Supplementary Studies I and II, UNIFI Large molecule package 
(Waters Corporation, Milford, MA, USA) and Progenesis QI (Nonlinear Dynamics, 
Newcastle, UK) in conjunction with in-house data analysis and visualisation scripts 
written in the PythonTM programming language (Python Software Foundation, Wilmington, 
USA) were used to acquire, process, analyse and visualise the raw data. 
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4 Results and Discussion 
The results presented below are based on three publications and two supplementary 
studies. Considering the variability of the aims of the studies and the experiment design 
used, a summary of the main outcomes and the scientific/technological impact 
concerning methodology and respective outcomes are given in Table 1. In Case Study I 
(Publications I (P1) and II (P2)), the methodology development and optimisation of the 
analytical throughput for the cheese peptide profiling during ripening were carried out. 
In Case Study II (Publication III (P3) and Supplementary Study I (SS1)), peptide profiling 
of BSA hydrolysates prepared with different proteolytic enzymes was carried out.  
In Publication III, peptide profiling of BSA proteolytic digest prepared with the industrial 
protease of unknown specificity was carried out, including an assessment of consumption 
of these peptides by yeast during fermentation in synthetic must. In Case Study III 
(Supplementary Study II (SS2)) we explored the effect of different malt types and 
mashing regimes on the resulting peptide composition in the wort.  
 
Table 1. Outcome and impact of the studies. 

 

4.1 Case Study I: Peptide Profiling and Screening During Cheese Ripening 
(Publications I and II) 
Case Study I aimed at investigating the improvement of the analytical throughput of 
cheese ripening characterisation using peptide profiling via different approaches: 
application of nanoUHPLC (75 µm ID, flow rate of 0.3 µL/min) combined with  
data-independent acquisition mode (Publication I) and a narrow bore analytical column 
on UHPLC (1 mm ID, flow rate of 100 µL/min) was used in combination with ion mobility 
enabled DIA mode to characterise cheese proteolysis (Publication II).  

Chromatographic conditions relative to sensitivity and sample preparation. Although 
the column load on the nanoUHPLC column (200 ng) was significantly lower than on the 
analytical column, the resulting base peak intensity (BPI) profile from nanoUHPLC (4.5e6) 
was more than 25-fold higher than the BPI profiles acquired using the analytical column 
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(1.8e5) (Figure 11). However, a significantly higher loading capacity of the analytical flow 
system resulted in simplification of the sample preparation that did not require sample 
concentration normalisation and thus, no further back-calculation to the original sample 
concentrations.  

 
Figure 11. Comparison of cheese BPI profiles (retention time vs intensity): Top- nanoUHPLC-HRMS 
(Publication I); Bottom- UHPLC-IMS-HRMS (Publication II). 

Peptide retention profiles. The overlay of total ion current (TIC) chromatograms of 
peptide profiles acquired in Publication II (Figure 12) better illustrates not only early 
eluting species that might have been lost with nanoUHPLC (due to loading into a trap 
column, Figure 11 Top) but also far better gradient utilisation to analyse the samples. 
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Figure 12. Cheese starting point sample TIC profiles (retention time vs intensity) UHPLC-IMS-HRMS 
overlay (Publication II). 

MS sensitivity relative to the instrumentation used. In Publication II, the overall 
sensitivity loss, resulting from using travelling wave IMS-DIA (estimated at 20-30% versus 
native DIA) was mitigated by the higher sensitivity of the Vion IMS QTof (Water 
Corporation) compared to the SYNAPT G2-Si (Waters Corporation), used in Publication I. 
Considering the sensitivity performance characteristics of both systems, the nanoUHPLC 
demonstrated superior sensitivity results compared to analytical UHPLC. 

The number of peptides identified. Both methods allowed the identification of over 
400 peptides arising from casein hydrolysis. However, comparing BPI profiles from both 
publications, a significant delay in the elution profile from nanoUHPLC can be observed 
(Figure11). The main reason for such delay was the requirement of the trap-elute step 
prior to separation on the analytical column. Moreover, sample complexity observed in 
the TIC profile of UHPLC (Figure 12) suggests that further improvement to the elution 
profile should have been made. 

Although other studies have demonstrated higher numbers of identifiable peptides 
in similar studies (that are typically achieved with 2-4 hour analytical gradients), the final 
sample comparison is often narrowed down to the most significant peptides (abundance 
or fold change; typically less than 500, Taivosalo et al., 2018), thus making increased 
throughput (with no significant detrimental effect on the statistical model) a higher 
priority than deeper profiling capabilities. 

The software played an important role in the analysis of data. PQI for Proteomics 
(Nonlinear Dynamics) used in the Publication I allowed for automated peak alignment, 
normalisation and processing, all of which had to be done manually or with help of 
Python script in the former study described in Publication II. 

The addition of TWIMS in Publication II revealed the presence of peptides with the 
same sequence, CCS values of which were not identical. This allowed for even finer 
alignment and filtering as many peptides were either coeluting or eluting very closely. 
One of the possible explanations is that the peptides can originate from different protein 
isoforms, the structural conformation of which might be different. These peptides would 
have been fully missed with DDA mode due to dynamic exclusion, typically for 30-60 s, 
of species of the same m/z and therefore would have not been selected for 
fragmentation.  
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Finally, reflecting on the benefits and drawbacks of the methods tested in both 
publications, a combination of 300 µm ID column and IMS-enabled DIA is highly 
recommended for peptide analysis in cheese to achieve high throughput while 
maintaining high sensitivity. 

4.2 Case Study II: Peptide Mapping and Screening of Protein Hydrolysate 
Consumption During Alcoholic Fermentation (Supplementary Study I 
and Publication III) 
In Case Study II, the use of UNIFI-based peptide mapping in combination with Progenesis 
QI (Nonlinear Dynamics) for profiling and screening of smaller molecular weight peptides 
was investigated.  

First, the proteolytic activity of three commercial proteases or a combination of those 
was characterised to find a suitable protease for BSA hydrolysis (Supplementary Study I).  
As the goal of Publication III was to develop a methodology for assessment of peptides 
assimilation by yeast, the main criterium was to find a protease or combination of 
proteases that produces a peptide mixture from BSA with the maximum number of  
small MW (2-5 AA) peptides assimilable to yeast, with the least release of free amino 
acids. Based on this criterium, Corolase® 7089 (AB Enzymes, Darmstadt, Germany) was 
chosen for its ability to generate a significant number (123 peptides chosen for relative 
quantification) of small MW (di- to penta-) peptides while leaving the lowest concentration 
of free AA (Table 2).  
 
Table 2. Comparison of performances of different industrial proteases and their combinations. 

 
 

Although small peptide sequence identification using this method remains a challenge 
(due to uncertainty in absolute identification assignment of short peptides), the tentative 
peptide identification still provides useful information about peptides' chain length and 
amino acid composition. The proposed methodology, relying on the reduced sample 
complexity, benefits from a significantly shortened time required for sample analysis, 
namely 18.5 min (compared to 70 and 48.5 min for Publications I and II respectively).  
For large cohort studies, even sub-20-minute analytical runs can result in weeks-long 
sample sets. Therefore, further improvement of the method throughput should be 
investigated. 
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4.3 Case Study III: Untargeted Peptide Profiling During Wort Production 
(Supplementary Study II) 
Based on the results of Publication III and namely, the correlation of identification 
assignment accuracy between peptide mapping and untargeted analysis, Supplementary 
Study II was carried out to evaluate the effects of different malt types and mashing 
regimes on the resulting peptide composition in the respective worts. Figure 13 (from 
Publication III) reiterates the applicability of the fully untargeted peptidomics approach, 
where protein sequence might not be available. Namely, assignment of peptide length 
and peptide amino acid composition (non-discriminating to leucine and isoleucine) by 
fully untargeted workflow matched 90.5% and 71.4% of the assignment by the peptide 
mapping approach (using BSA sequence and non-specific cleavage). Being fully based on 
the untargeted workflow, Supplementary Study II was most dependent on the statistical 
evaluation of the samples. Table 3 provides a short recap of the samples studied. 
  

 
Figure 13. The dependence of the peptide matching specificity criteria on the peptide identification 
assignment discrepancy (Arju et al., 2022). 
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Table 3. Malt types, mashing regimes, and respective sample numbers (Figure 10). 

 Malt 
1 2 3 

Château Pilsen 2RS® Chateau Pale Ale® Chateau Distilling® 

Mashing 
regime 

1 1.1 2.1 3.1 
2 1.2 2.2 3.2 
3 1.3 2.3 3.3 

 
Based on the tentative identification of 183 peptides (Chemspider_Peptides database) 

with a fold change over 1.5, the PLS-DA showed a distinct separation of samples prepared 
with different malt types (Figure 14) and mashing regimes (Figure 15). 

 

 
Figure 14. PLS-DA, grouping accordingly to malt type. Blue- Pale Ale and Distilling malts; Red- Pilsner 
malt (Table 3). 
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Figure 15. PLS-DA, grouping accordingly to mashing regime. Red- mashing 1; Blue- mashing 2; 
Green- mashing 3 (Table 3). 

Further data review confirmed the trends between relative peptide abundances of 
Pilsner, Pale Ale, and Distilling malts (Figures 16 and 17) as well as between mashing 
regimes 1, 2 and 3 (Figures 18 and 19). 

 

 
Figure 16. Relative peptide abundance changes due to different malt types (higher in Pilsner malt). 

 
Figure 17. Relative peptide abundance changes due to different malt types (higher in Pale Ale and 
Distilling malts). 
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Figures 16 and 17 highlighted two trends that contribute to the differentiation 
observed in Figure 14. Namely, worts prepared from Pilsner malt (1.1-1.3) differentiated 
those from Pale Ale (2.1-2.3) and Distilling (3.1-3.3) malts. Each line in the graph 
represents the relative abundance of the most notable peptides (i.e., those with the 
highest fold change observed during individual experiments, Table 4). 
 
Table 4. Example of top 5 peptides with highest fold change differentiating the malt types used in 
Case Study II. Trend 1 represents peptides in Figure 16; Trend 2 represents peptides in Figure 17. 

 
 

Figure 15 highlights trends contributing to the differentiation observed in the mashing 
regimes (Figures 18 and 19), most notable (highest fold change top 5) of which are 
presented in Table 5. 
 

 
Figure 18. Peptide relative concentration trends due to differences in the mashing regimes 
(increasing peptide abundance with every additional mashing step). 

 

 
Figure 19. Peptide relative abundance trends due to differences in the mashing regimes (decreasing 
peptide abundance with every additional mashing step) 
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Table 5. Peptides with highest fold change differentiating the mashing regimes used in Case Study 
II. Trend 3 represents peptides in Figure 18; Trend 4 represents peptides in Figure 19. 

 
Comparison between Tables 4 and 5 revealed that there was not only a higher 

number of peptides that differentiates the malt types (trend 1 and 2 (14/26) vs trend 3 
and 4 (6/2)) but also the maximum fold change was higher (trend 1 and 2 (6/8.7) vs trend 
3 and 4 (2.1/3)), compared to what was observed in case of different mashing regimes. 
These results suggest that malt type might have higher impact on the composition of the 
peptides than the applied mashing regimes. Thus, peptides composition in the worts 
prepared from Pale Ale and Distilling malts are much more similar than those from Pilsner 
malt. 

Even though this study was carried out as proof of a concept, it has still managed to 
provide significant evidence to justify the continuation of the research, due to the high 
technological value in it. The outcome of this study, demonstrating differences in peptide 
compositions and relative concentrations in response to malt types and mashing regimes 
has high importance for the food and fermentation industry and deserves further 
research with a more optimised experimental design to achieve better differentiation 
and higher result confidence levels. Additionally, similar studies can be used not only to 
investigate the effect of different processing parameters on peptide composition but also 
for authentication of different products or raw materials, based on the peptide profile. 
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5 Conclusions 
The main objective of this thesis was to develop and implement higher throughput 
methodologies for peptide composition profiling and peptide consumption screening in 
various biological matrices applicable to food- and biotechnology. The developed 
methodologies were based on nanoUHPLC-DIA-HRMS and UHPLC-IMS-DIA-HRMS and 
were tested with three practical matrix-based case studies.  

In the first case study, the development and implementation of peptide profiling 
during cheese ripening were carried out. The nanoUPLC-DIA-HRMS method was 
developed for peptide profiling of the Gouda-type cheese ripening and a significant 
reduction in analysis time (70-min) was achieved. However, the drawbacks of the 
improved throughput were found to be an underutilised elution profile of peptides and 
a longer equilibration time due to the use of nanoUHPLC. The reduction in the overall 
number of peptide identifications (c.a. 500 in the most peptide-rich samples) was found 
to be sufficient for effective sample differentiation and evaluation of the proteolytic 
activity during cheese ripening. For peptide profiling during Emmental cheese ripening, 
the UHPLC-IMS-DIA-HRMS method was developed. Not only was a further reduction in 
analysis time (less than 50-min) achieved, but also an improvement of the peptide 
elution profile along with simplified sample preparation protocol were realised due to 
the use of UHPLC. Additionally, the use of IMS has revealed the presence of previously 
unreported peptide structural isomers, detection of which was made possible due to the 
combined use of IMS and DIA. However, the use of UHPLC resulted in a lower overall 
peptide signal response compared to the peptide signal response in the previously 
described work with Gouda-type cheese. Similar to the methodology used for  
Gouda-type cheese, the drawback of the improved throughput in this work was a reduction 
in the overall number of peptide identifications (c.a. 450 in the most peptide-rich samples).  

In the second case study, the peptide mapping method was developed for rapid 
elucidation of proteolytic enzyme cleavage specificity using UHPLC-IMS-DIA-HRMS.  
The developed method allowed for analysis of peptides composition in protein 
hydrolysate within less than a 20-min analytical run and consequently has contributed to 
a significant improvement of the sample throughput. The methodology was then applied 
for the untargeted screening of short peptide consumption during microbial fermentation. 
Another important outcome of this study is that the developed methodology can be used 
to profile the short peptide (2-4 AA) composition of previously unelucidated protein 
sources with a certain degree of confidence (peptide length and AA composition). 
Successful completion of this study allowed for a critical large-cohort-data evaluation and 
proposition of additional changes to further improve the methodology’s throughput.  

In the third case study, the same UHPLC-IMS-DIA-HRMS methodology was further 
shown applicable for untargeted evaluation of peptide composition in unelucidated 
complex natural matrices.  
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Abstract 

Development and implementation of high throughput 
peptidomics for microbial studies 
Peptides are a class of highly diversified biopolymeric molecules that find many practical 
uses. However, their chemical diversity result in many challenges associated with their 
analysis , which is especially evident in the case of complex natural matrices containing 
peptides from undefined proteins and proteases with unelucidated specificities.  

This manuscript aims to develop liquid chromatography (LC) mass spectrometry (MS) 
methodologies for peptide analysis in different food matrices. The primary focus was on 
the untargeted workflows using ultrahigh pressure liquid chromatography (UHPLC) 
coupled with the data-independent acquisition (DIA) high-resolution mass spectrometry 
(HRMS) to improve throughput and flexibility of peptidome profiling and untargeted 
peptide consumption screening capabilities in various matrices such as cheese, synthetic 
grape must and beer wort. 

Theoretical and practical knowledge created in this work, along with published data 
and supplementary materials present progression from a rather complex workflow 
based on nano-UHPLC and DIA-HRMS to a well-streamlined, high-throughput workflow 
utilising UPLC coupled with ion-mobility separation enabled (IMS) DIA-HRMS with 
substantially simplified sample preparation applicable for peptidome analysis in food- 
and biotechnological studies. 
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Lühikokkuvõte 

Suure läbilaskevõimega peptidoomika meetodite 
arendamine ja juurutamine mikrobioloogilisteks uuringuteks  
Peptiidid on paljude erinevate funktsioonidega aminohapetest koosnevad biomolekulid, 
millede määramine võib omada tihti praktilist tähtsust. Tulenevalt oma keemilisest 
mitmekesisusest on peptiidide analüüs seotud mitmete väljakutsetega, eelkõige 
keeruliste bioloogiliste maatriksite puhul, kus peptiidid pärinevad määratlemata 
aminohappelise järjestusega valkudest ja/või on tekkinud teadmata spetsiifilisusega 
proteaaside toimel. 

Käesoleva doktoritöö peamiseks eesmärgiks oli töötada välja kombineeritud 
vedelikkromatograafia ja massispektromeetria metoodikad peptiidide analüüsiks 
erinevates komplekssetes maatriksites. Töö põhifookus oli suunatud mittesihitud 
analüüsi meetodite väljatöötamisele, parandades peptidoomiprofiilide määramise 
jõudlust erinevate maatriksite näitel, nagu juust, viinamarja- ja õllevirre. 

Töö teoreetilised ja praktilised väljundid koos avaldatud andmete ja täiendavate 
materjalidega tutvustavad edasiminekut nano-UHPLC-DIA-HRMS-il (ingl. k. nano ultrahigh 
pressure liquid chromatorgaphy data-independnent acquisition high-resolution mass 
spectrometry) põhinevalt suhteliselt komplitseeritud ja töömahukalt metoodikalt suure 
läbilaskevõimega metoodikale, mis baseerub UPLC-IMS-DIA-HRMS-il (ingl. k. ultrahigh 
pressure liquid chromatography ion mobility separation data-independent acquisition 
high-resolution mass spectrometry) ja võimaldab seejuures kasutada ka oluliselt 
lihtsustatud proovide ettevalmistust peptidoomi analüüsiks toidu- ja biotehnoloogilistes 
protsessides. 
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�	�� ��	� �&vabwpâ\p̂hvab]̂pq\bcbreh \̀x vabpq̂yaw]_ehz{$MOO)�MOk(&�	
������t�	�$�&$ZL�u��$�&�W**X�&|�#�������"���	�� �"#��������	���	��,�� ��uu�	�##�������"	�� �� �#�������	��
�,�� ��#,���	�!#	����	������&fbg_\̀cbnd̀a_e}pâ\p̂hz~$()*M�()M(&�	
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[bookmark: _Toc517344495]Advancements in big-data capture are required to aid scientists in better understanding processes in systems biology and the design of industrial bioprocesses. The requirement for high-quality big-data is driving the necessity for increased chromatographic and 
mass spectrometric selectivity, as well as detector sensitivity, dynamic range, and acquisition speed, which should be achieved along with increasing analytical throughput. As maximising analyte coverage increases the cost and complexity of associated targeted analysis, untargeted analysis plays an important role in the discovery and relative quantification of metabolites in biological systems. Thus, untargeted analysis acts as an important prerequisite step for the subsequent quantitative targeted analysis.

Peptides are a class of compounds that are analysed in both metabolomics, 
where they occur as native metabolites, and proteomics, where they are analysed as intermediaries for protein identification and quantification. Most of the recent peptidomics methodologies are affected by lower throughput and sample preparation, which results in diminished profiling of the lower molecular weight peptidome.

This thesis aims to provide an overview of the application of liquid chromatography, coupled with mass spectrometry for peptidome profiling and semi-quantitative screening in different fermentation matrices, such as cheese, synthetic grape must, and beer wort. Special focus was put on improving the throughput, ease of use and flexibility of peptidome profiling and screening in complex biological matrices. The summary of theoretical and practical knowledge given in the literature review, published articles 
and supplementary materials, present a basis and progression from a very sensitive nano-UHPLC[footnoteRef:2] with data-independent acquisition workflow toward a higher-throughput workflow utilising low-flow UHPLC1-coupled IMS[footnoteRef:3]-enabled data-independent acquisition and simplified sample preparation. As a result, the reader is provided with a better understanding of critical correlations between chromatographic performance, data acquisition strategies and data processing workflows. [2:  Ultrahigh pressure liquid chromatography]  [3:  Ion mobility separation] 






[bookmark: _Toc114431484][bookmark: _Toc120698037]Literature Review

Metabolomics and proteomics are fields of analytical chemistry that provide complementary information to other omics techniques, such as genomics and transcriptomics. While metabolomics focuses on smaller molecular weight compounds (typically up to 1500 Da), the advancement in genome sequencing has sparked the interest in the functional analysis of gene products, resulting in the establishment of proteomics  (typically over 10 kDa) (Martini et al. 2021). However, the increasing interest in the analysis of peptides in their native form has resulted in the subdivision of peptidomics as a separate compound-class-centric field of analytics. Due to various practical reasons, discussed later, the analysis of small peptides has been recently attracting particular interest across many industries. 

The two approaches of omics include targeted and untargeted workflows. According to Gerstman and Barshop (2018), targeted workflows aim to accurately quantify specific, known compounds within an established range of concentrations while untargeted workflows focus on all detectable analytes to statistically establish what compounds 
(if any) significantly differentiate samples or groups of samples. Subsequent analysis of the data generated by the untargeted analysis typically allows for the identification of the unknown compounds, but it can also provide relative quantitative information across sample groups. This may be useful for further targeted analysis of compounds of interest (Schrimpe-Rutledge et al., 2016). As the core principles of both metabolomics and proteomics significantly overlap with peptidomics workflows, they also introduce the associated benefits and inherent challenges of both into the peptide analysis (discussed in the dedicated sections) (Figure 1). 
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Figure 1. Overview of LC-MS-based omics and respective challenges. 







Although the ultimate goal of metabolomics is to analyse the entire chemical space of a biological system, the current state-of-the-art technology is still far from reaching that goal (Pinu et al., 2019). While optimising the peptidomics workflows, this thesis focuses on highlighting and overcoming some of the challenges associated with the untargeted analysis of peptides in complex matrices. 

[bookmark: _Toc114431485][bookmark: _Toc120698038]Peptides as a Chemical Class

Peptides are considered one of the major classes of polymeric biomolecules consisting of peptide bond-linked amino acids (AA). Amino acids consist of amino (-NH2), carboxyl (-COOH) and side chain (R) groups that are connected by an intervening carbon atom (Figure 2).  
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Figure 2. Structure of amino acid. Adapted from “α-amino acid structure” by Aouniti et al., 2017.

The peptide bond is an amide-type covalent chemical bond linking two consecutive amino acids from the carbon of one amino acid (C-terminus) and the nitrogen of another (N-terminus), along a peptide or a protein chain (Figure 3). 
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Figure 3. Formation of a peptide bond from two amino acids. Adapted from “peptide bond formation by a condensation reaction” by H. Panayiotou, 2004.

The diversity of amino acid properties, attributed to their side chains (Figure 4), and the very high degree of combinations possible result in peptides’ diverse physicochemical properties and the ability to form various structural conformations, including the formation of cyclic peptides which makes their analytical determination and identification a challenge. 

[image: ]

Figure 4. Amino acid classification and their physicochemical properties. Adapted from “amino acid chart” by K. Steward, 2019.

Finally, further complicating the peptide chemical class, there are over 300 types of modifications that may be associated with peptides including, oxidation, methylation, acetylation, phosphorylation, glycosylation and lipidation that frequently play important biological or technological roles (Zhao and Jensen, 2009).

[bookmark: _Toc114431486][bookmark: _Toc120698039]Scientific and Technological Interest in the Analysis of Peptides

Peptides play many important roles in the processes and products of various industries. Among others, these include the pharmaceutical, food, feed, and biotechnology industries. Some examples which further justify the requirement for (untargeted) peptide analysis are given below.

Peptides as flavour compounds. Naturally and artificially occurring proteolytic mechanisms in foods and beverages (such as cheese, yoghurt, soy sauce etc.) produce taste-active peptides that are often attributed to the organoleptic properties of the final product. Although five taste categories (sour, salty, sweet, bitter and umami) are recognised, sweetness, bitterness and umami are considered the most important for food acceptance or rejection of the product (Temussi., 2011). Temussi (2011) summarised the classification of taste-active peptides as sour peptides (acidic AA rich), bitter peptides (hydrophobic AA rich), and peptides with little to no taste (balanced AA composition). Although there are no naturally occurring sweet peptides, synthesised short peptides (for example aspartame) play an important role as artificial sweeteners. It is important to note that the taste of peptides is not directly related to the taste of amino acids, and it is often affected by the conformation of the peptide. In addition to the hydrolytic enzyme-driven peptide-producing mechanisms, the heat- or acid-induced peptide bond cleavage of proteins during food processing can also result in the formation of peptides (Bikaki et al., 2021). For example, hydrophobic peptides, formed during coffee bean roasting and brewing, contribute to the distinct taste associated with coffee beverages. 

[bookmark: _Hlk114471192]Bioactive peptides. Peptides that can carry out specific biological functions, next to being an important source of amino acids, are referred to as bioactive peptides. One of the mechanisms of the formation of the bioactive peptides is the proteolytic effect of food processing and namely by the activity of probiotic bacteria (Romero-Luna et al., 2022). Agyei and Danquah (2011) claim that the advantages of bioactive peptides, such as a wide action spectrum and low toxicity as well as high biospecificity, made them one of the prime research foci of the biopharmaceutical industry. Food-derived bioactive peptides, discovered in fermented foods as well as in both animal and human intestinal digesta, are reported to have a positive influence on digestive, endocrine, immune, nervous as well as cardiovascular systems (Moughan et al., 2014). For example, plant-derived peptides with an angiotensin-converting enzyme and pancreatic lipase inhibitory properties are reported to help modulate hypertension and diabetes (Urbizo-Reyes 
et al., 2021).

Peptides as a nitrogen source during fermentation. Alongside free amino acids, peptides can also provide an important assimilable organic nitrogen that, unlike inorganic nitrogen, can be utilised by a broad range of species of microorganisms. Peptones and yeast extracts, depending on the raw material and proteolytic enzymes used, can contain a wide variety of peptides which can be easily assimilated by industrially important microorganisms and thus, the study of peptides in such complex fermentation ingredients or of the proteolytic activity of various proteases used to produce them is yet another important application of peptidomics (Proust et al., 2019). In addition to industrial microbial cultivations, certain naturally occurring peptides in many food and beverage fermentations (beer wort, grape must, whisky mash etc.) also act as a valuable  nitrogen source and thus, making peptide analysis even more important as mostly smaller peptides can be assimilated by yeast (Kevvai et al., 2016).

While overlapping with proteomics and metabolomics, the diversity of chemical properties of peptides as well as the wide scope of their applications, has justified peptidomics emerging as a separate subdivision of omics to tackle the challenges unique to the analysis of this class of compounds. The major challenges of peptidomics include the identification of short (2-4 AA) peptides as well as their quantification (discussed below), especially in complex natural matrices.

[bookmark: _Toc114431487][bookmark: _Toc120698040]Experimental Design for Untargeted Peptidomics Experiments

Despite the proposals for various approaches in untargeted omics, a universal workflow to account for all challenges associated with the untargeted peptidomics pipeline is yet to be fully established and widely recognised (Sumner et al., 2007). Any untargeted omics experiment that aims to provide meaningful and statistically significant results consists of several critical steps that play an important role in the overall success of a study. Those steps can be generalised into four main parts: I) experimental design, II) pre-analytical, III) analytical, and IV) post-analytical stages. Proficiency in untargeted peptidomics comes from understanding and balancing the trade-offs intrinsic to any analytical methodology associated with each of the four steps. 

The main goal of an efficient experimental design is to minimise the required study input while maximising the output. Higher throughput can be partially achieved by limiting types of experiments that would inherently provide little additional information or discriminatory power. Power analysis is a statistical tool that can provide valuable information on the number of samples or replicates required for analysis to achieve group differentiation at a desired significance level (Dicker et al., 2010; Nakayasu et al., 2021). Power analysis is especially useful in the case of large cohort studies, where running even one additional replicate per sample can result in days of extra instrument usage time. Moreover, preliminary knowledge about the sample (e.g., protein sequence, chemical modification, or protease cleavage specificity) can also often provide valuable insight.

Although statistical analysis is typically one of the last steps in the untargeted workflow it is greatly affected by the experimental design. Thus, the background knowledge for a sample and a suitable number of biological and technical replicates are vital to ensure the best data quality possible.

[bookmark: _Toc114431488][bookmark: _Toc120698041]Pre-Analytical Steps for Untargeted Peptidome Analysis

Even though numerous analytical methods, such as nuclear magnetic resonance, capillary electrophoresis, and various types of chromatographic techniques coupled to mass spectrometry (MS) are commonly utilised in untargeted omics, the most used technique to study peptides is liquid chromatography (LC) coupled to mass spectrometry (LC-MS). Hence, all pre-analytical steps discussed next are concerned with LC-MS-based analysis.

Sampling and storage. As with any other analytical technique, the untargeted peptidome analysis process starts with the collection of a sample and its preparation for the subsequent instrumental analysis. That includes representativeness of sampling, fixation, and storage of the sample before downstream sample preparation. Lyophilised peptides (or samples containing peptides) are generally considered stable when stored at - 20 °C in dry, anaerobic, and light-free conditions. However, additional precautions should be considered when storing peptides in solution or as a part of a complex biological sample. Namely, the number of freeze-thaw cycles should be minimised and thus, for repeated use samples should be aliquoted. Further, additional concerns for long-term storage of peptides are oxidation and residual proteolytic activity in many biological matrices, which might require storage at even lower temperatures (≤ - 80 °C) for full inactivation (Morris and Marchesi, 2016). Finally, non-specific binding of the peptides to various container surfaces (plastic, glass, and metal) can occur and thus, when possible, strategies to minimise sample loss should be in place to maximise peptide recovery (DeLano et al., 2021).

Sample preparation. The main goal of sample preparation for analysis is to ensure the sample’s compatibility with downstream sample manipulations. As with any untargeted omics study, peptidomics typically aims to characterise as broad a peptide profile in a sample as possible, and thus, sample preparation might present a unique set of challenges. Due to the broad range of peptides’ physicochemical properties (polarity, electrical charge, and molecular size) in the biological samples, an increased sample preparation selectivity for peptides with specific chemical properties will typically result in a diminishing global profiling coverage (Finoulst et al., 2011). For example, commonly used peptide desalting and clean-up (solid-phase extraction, SPE) after tryptic digestion of proteins (used in proteomics) might not be well suitable to analyse smaller naturally occurring peptides due to differences in hydrophobicity and thus, potentially resulting in their loss during reversed-phase SPE. Peptides with up to 6 amino acid residues are typically fully dissolved in water unless the entire sequence of the peptide consists of hydrophobic amino acids, such as W, L, I, F, M, V and Y. However, longer peptides might require adjustment of pH or the addition of an organic solvent to ensure full solubility. Therefore, for untargeted peptidomics, the least invasive and balanced sample preparation that ensures sample solubility and compatibility with subsequent analysis is often preferred due to the least adverse effect on the sample composition. 

Protein precipitation is a frequently used technique to remove peptides and proteins that, under reversed-phase (RP) and hydrophilic interaction chromatography (HILIC) conditions used for peptidomics, might otherwise precipitate during instrumental analysis, potentially resulting in loss of the sample or even damage to the hardware 
(Fic et al., 2010). However, the precipitation solvent and protocol should be carefully designed to avoid diminishing recovery of peptides due to sugaring-out, associated with precipitation of biological matrices rich in sugars (Wang et al., 2008).

Another sample preparation method that provides easy sample clean-up with minimal undesired side effects is ultrafiltration (Boukil et al., 2018). Ultrafiltration allows the analysis of specific molecular weight ranges, unobstructed by compounds outside of the desired molecular weight range. However, ultrafiltration should be used with some caution as it might not remove all compounds, precipitation of which might occur under the aforementioned conditions. 

Lastly, chromatographic sample fractionation is often considered part of sample preparation, while it is an equally valid part of two-dimensional liquid chromatography (2DLC). In this thesis, chromatographic fractionation will be further discussed in the section on peptide separation by liquid chromatography. 

[bookmark: _Toc114431489][bookmark: _Toc120698042]Instrumental Steps for Untargeted Peptide Analysis

This thesis primarily focuses on the hyphenation of liquid chromatography to electrospray ionisation-based (ESI) high-resolution mass spectrometry (HRMS). Even after many decades of continuous research, improvement, and application of both liquid chromatography and mass spectrometry, there is still significant room for further improvement of sensitivity, linear and dynamic ranges, ion mobility resolution, and identification accuracy. The technicalities of each will be discussed in subsequent sections. 

[bookmark: _Toc114431490][bookmark: _Toc120698043]Sample Introduction in LC-MS Analysis of Peptides

Sample introduction is an intermediate step between sample preparation and instrumental analysis. Although there are two main ways of introducing the sample into the system, namely infusion and injection, the latter is used in combination with LC. Sample introduction should facilitate the transfer of the prepared sample into the LC system without causing sample/analyte alternations or loss. 

As mentioned in the sample preparation section, one of the most prominent issues encountered during sample introduction (but which also applies to many subsequent sections) are non-specific interactions of analytes with the sample-wettable metal-based surfaces, such as storage containers, sample needles, transfer tubing as well as analytical columns (DeLano et al., 2021; Liu et al., 2022). For example, phosphorylated compounds, including but not limited to phosphopeptides, are known to non-specifically adsorb onto sample-wettable surfaces of the regular LC systems (Guimaraes et al., 2022). A common counteraction against this is the replacement of commonly used stainless-steel components with those from alternative materials, e.g., titanium-based and polyether ether ketone (PEEK)-lined components. Although titanium-based hardware shows improvement compared to stainless steel, titanium is still a metal and does not fully mitigate the issue. PEEK-lined hardware greatly minimises secondary interactions but suffers from reduced structural integrity compared to metal-based hardware and thus cannot be fully deployed in ultrahigh pressure applications. One of the most promising developments is the proprietary surface treatments that mitigate the undesired interactions. One such treatment is MaxPeak high-performance surface (HPS) treatment by Waters (Milford, MA, USA). Surface treatment can not only be applied to the LC hardware but also to the inner surface of analytical columns showing great recovery of the intensity of such challenging compounds such as phosphopeptides (Isaac et al., 2022). HPS can also be applied to the sample container surfaces greatly improving the long storage recovery and sensitivity of “sticky” compounds (Liu et al, 2022).

Although not peptide-specific, another important aspect that is often overlooked is the specifics of various injection mechanisms. The main injection mechanism types employed in LC are either a fixed loop (FL) or a flow-through needle (FTN) (Gritti et al., 2022). Unlike FTN, FL is characterised by the sample needle not being part of the main mobile phase flow path. A sample is aspirated into a loop, that is isolated from the flow path during aspiration, which is then incorporated into the flow part via a fluidics valve position switch. In the FTN configuration, the needle is a part of the main flow path and acts as a sample loop, facilitating aspiration, storage, and transfer of the sample. Although serving the same purpose, both systems have notable differences. The first difference is the volume of sample needed with sample aspiration, which might be crucial for applications with a limited sample quantity. In FTN-based systems, the injected volume is typically the same or very close to the consumed sample volume. However, 
in FL-based systems, the consumed sample volume needs to be adjusted for the sample needle volume (typically 10-30 µL) which facilitates the transfer of the sample from the sample vial to the loop. The second difference is the increased system volume of 
FTN-based compared to FL-based and consequently, increased system dispersion. Minimisation of system dispersion typically results in increased chromatographic performance.
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Three main types of LC-based applications in combination with MS can be used in peptidomics. First, flow injection analysis (FIA) is an application of LC-MS without any chromatographic separation and relies purely on the resolving power of the mass spectrometer (Nanita and Kaldon, 2016). Although this type of experiment is typically characterised by very high throughput with analytical runs often lasting as little as a few seconds per sample, it greatly suffers reduced peak capacity (maximum number of chromatographically resolvable peaks) and selectivity due to the lack of chromatographic separation (Sarvin et al., 2020). The second and most common type is single-dimensional chromatography which relies on the selectivity of a single column to separate analytes that are detected by the MS upon elution. Last, the most complex but showing the highest potential is multidimensional chromatography which combines multiple complementary separation mechanisms into one analysis.

Chromatographic selectivity considerations for peptide analysis. Similar to sample preparation for liquid chromatography, the three primary characteristics of peptides that determine their separation in LC are polarity, electrical charge, and molecular size (Bagdett et al., 2018). For untargeted peptidomics of small molecular weight peptides, the most often used separation methods are reversed-phase (Figure 5), which are 
often characterised by poor retention of polar analytes, and HILIC (Figure 6). Both reverse-phase and HILIC are used to separate analytes primarily based on their polarity.
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Figure 5. RP chromatogram of yeast extract. Poor retention (coelution and peak broadening) of polar analytes can be seen within the first 2.5 minutes of the chromatogram.
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Figure 6. HILIC chromatogram of yeast extract.

Unlike RP, HILIC often benefits from the improved signal intensity of eluting analytes due to a higher ratio of organic solvent in the initial mobile phase (easier to evaporate compared to the highly aqueous mobile phase used for RP), which results in higher ionisation efficiency of analytes.

Although typically with lesser efficiency, the size exclusion chromatography (Figure 7) (Heusel et al., 2019) and ion exchange/exclusion chromatography can also be used for specific peptidomics applications (Valeja et al., 2015). 
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Figure 7. Size exclusion chromatogram of yeast extract.



Most frequently applied RP chromatography is based on C18 column chemistry that is often modified to withstand higher concentration aqueous mobile phases and provide additional retention of highly polar compounds (especially useful for smaller polar peptides) compared to unmodified (bare silica) C18. Among HILIC-type columns, 
the most common ones are unmodified HILIC, amide, amine, and sulfobetaine-based column chemistries. A wide range of column selectivity options coupled with specific conditions, such as mobile phase modifiers, provides scientists with a great toolkit to tackle the most challenging of samples. However, the complexity of biological samples still often exceeds the selectivity and peak capacity of a single column and thus, 
two-dimensional chromatography (2DLC) has a great potential for further selectivity, sample concentration and dynamic range improvement (Zhu et al., 2021). 

 Two-dimensional applications for peptide analysis. There are two main types of 2DLC: online and offline. First, online 2DLC implies the use of both columns within the same analytical run, i.e., peptides separated by the first column are then further separated by the second column. However, unlike two-dimensional gas chromatography (GCxGC) (Ralston-Hooper et al., 2008), where analyte trap/release is efficiently implemented by a thermal modulator (as a major compound elution mechanism primarily depends on the temperature), trap/release on online 2DLC can be achieved under very specific conditions that are typically not very applicable for untargeted analysis of smaller peptides (Liu et al., 2007). For example, coupling complementary RP and HILIC into online 2DLC is not feasible as the mobile phase with weak elution strength for the first dimension acts as a mobile phase with high elution strength for the second dimension, making a separation in the second phase ineffective. Offline 2DLC (introduced in the sample preparation section), on the other hand, benefits from intermediate sample manipulation, such as eluent removal and reconstitution with a suitable solvent for the second dimension, before further separating analytes in the second column. Even though such sample handling requires more steps and can potentially lead to increased variability, it is highly scalable to multiwell plate formats, remarkably increasing the method throughput. Moreover, stacked fractionation injections can be used to significantly concentrate compounds present in low concentrations.

 Column dimensions considerations for peptide analysis. Continuous improvement of analytical columns’ properties, as well as diversification of column chemistries and dimensions, allows scientists to find solutions that are specifically tailored for peptide applications. Reduction in particle size to sub 2 micrometres resulted in the transition of LC-based methods from conventional high-pressure liquid chromatography (HPLC) to the so-called ultrahigh pressure liquid chromatography (UHPLC), that in comparison to HPLC is characterised by increased resolving power (theoretical plate number) even at higher linear velocities and increased column backpressure for the column with the same dimensions. 

 Particle size, column length, and column internal diameter (ID) are the major parameters when it comes to balancing between the sample throughput and the analyte coverage depth, as well as the amount of sample that can be efficiently loaded onto a column. Columns as short as 30 and 50 mm are typically used for applications where sample throughput is more important (e.g., for samples with low complexity) than the depth of the analyte coverage. Alternatively, columns upwards of 500 mm in length are frequently applied for metaproteomics to study samples with higher complexity to achieve the deepest profiling coverage possible (Roberg-Larsen et al., 2021). However, such applications are limited by extremely low throughput, where analytical runs can sometimes last over 10 hours. As a result, columns 100-150 mm in length are most frequently found in the methodological sections of untargeted metabolomics studies, providing the best balance between peak profile, sample capacity, resolution, and throughput. 

 In addition to particle size reduction, the improvement of manufacturing precision and accuracy resulted in the ability to produce and pack columns of smaller and smaller IDs. The transition from HPLC to UHPLC resulted in a reduction of analytical column ID from typically used 4.6-7.8 mm to 2.1 mm or narrower. The main positive change associated with the reduction of column ID is the reduction of mobile phase flow rate to achieve the same performance, which is highly beneficial for applications using MS, as ionisation efficiency is highly dependent on the ability to dissolve eluent in addition to the ability to sample the resulting ion plume. The typical UHPLC mobile phase flow rates used with 1-2.1 mm ID analytical columns are 100-1000 µL per minute. In contrast, nanoUHPLC-based applications are characterised by columns with a typical ID between 75 and 150 µm, resulting in flow rates as little as 100 nL per minute. An intermediate solution bridging the two is microUHPLC, which is typically represented by capillary columns with an ID of 300 to 500 µm and flow rates of 1-30 µL per minute.

 For higher throughput applications, the higher mobile phase flow rate required to achieve a higher linear velocity with analytical columns results in not only a significant solvent consumption of expensive LC-MS-grade solvents, but also in a significant overspray as mass spectrometers’ sampling efficiency is typically limited at around 
100 µL per minute. Although benefiting from significantly increased sensitivity (Figure 8), the application of nanoUHPLC columns can often result in the requirement for longer equilibration times between runs and dedicated hardware for low-flow applications which are prone to leaks that are hard to detect. The nano emitters or sprayers, used for low-flow applications, due to their narrower inner diameter (1-10 µm), are also highly sensitive to a column overload and can result in a blockage due to too concentrated sample injected and may require additional sample load normalisation steps during sample preparation. 
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Figure 8. Signal response increase with a decrease in flow rate (Reprinted with permission from Schmidt et al., 2003. Copyright 2022 American Chemical Society).

MicroUHPLC applications, despite also requiring specialised hardware to optimise system volume and low flow rate stability, coupled with column length of 100-150mm, strike the best balance in terms of sample throughput, chromatographic and mass spectrometric performance.

Analysis of peptides is often characterised by shallow analytical gradients that start with nearly 100% aqueous mobile phase and reach 30%-40% organic mobile phase. 
A binary solvent manager suits this kind of application best, as it provides the highest mobile phase mixing accuracy in addition to minimal system volume (compared to a quaternary system), especially when coupled to a fixed loop sample manager.

All available technical options described above and variability in column chemistries dictate the importance of understanding the advantages and limitations of each configuration to be able to tailor a system for specific application needs.
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The mass spectrometer is a mass selective detector, suggesting that it does not only record a signal corresponding to the concentration of an analyte and its intensity but also records resolving mass spectra (MS1) (Ramachandran and Thomas, 2021). The most common types of mass spectrometers used in untargeted analysis are high-resolution mass spectrometers that are based on time of flight (TOF) or Fourier transform (FT) technologies (orbitrap and Fourier transform ion cyclotron resonance). Like in chromatography, due to the ever-increasing requirement for chemical space profiling depth, in mass spectrometry, there is never enough selectivity, sensitivity and dynamic range (Liu et al., 2007). High-resolution mass spectrometers are characterised by higher resolving power, but also by the ability to measure accurate mass. The resulting accurately recorded and isotopically resolved ion species lay the foundation for the quantitation and identification process, namely deconvolution and generation of the compound’s molecular formula. However, this alone is insufficient to identify a compound. 

Common peptide fragmentation mechanisms. A combination of various mass analysers allowed for not only improvement of selectivity, but also sensitivity and dynamic range (accurate detection and measurement of intensity within a broader range of concentrations or same spectrum) of many instruments (Valletta et al., 2021). The most frequent combination of HRMS is with a quadrupole (Q) mass analyser and a collision cell, allowing for various types of additional experiments, the most useful of which is the fragmentation of quadrupole isolated precursor ions, the fragment ions of which are resolved and detected by the high-resolution mass analyser, commonly referred as MS/MS or MS2 (daughter scan) experiment. Recorded MS2 spectra are used for interpretation of the molecular structure of a precursor ion or, in targeted analysis, also for quantitative purposes. Despite seeming similar, it must be pointed out that an MS2 experiment does not equate to an MS/MS experiment. Unlike the MS2 spectrum, which is simply a result of fragmentation (which may not involve precursor ion isolation), 
an MS/MS experiment refers to precursor ions isolation before fragmentation. In the case of specific instrument configurations (ion trap, FT or systems with multiple collision cells) multiple fragmentation experiments MS/MS/MS or MS3/MSn can be carried out to further improve identification accuracy (Olsen and Mann, 2004).

There are multiple options to fragment an ion. When it comes to the analysis of peptides, the most common fragmentation methods are collision-induced dissociation (CID), higher energy collision dissociation (HCD, used in FT instruments), and electron transfer dissociation (ETD) (Ramachandran and Thomas, 2021). During CID and HCD, 
the kinetic energy of ions is increased via collisions with collision gas, which results in an internal conversion of kinetic energy into vibrational activation (Michalski et al., 2012). During ETD, positively charged ions are fragmented by electron transfer and, unlike CID and HCD, efficient application of ETD is limited to multiply charged species only (Kim 
et al., 2010). Although the application of ETD is limited for very small peptides (that commonly ionise as singly charged species), it still finds uses for the detection of labile post-translational modification in native oligopeptides (Huang et al., 2019) as well as complementary to the CID/HCD fragmentation mechanism for longer peptides. Instruments capable of MSn can even be configured to combine ETD and CID/HCD. When it comes to differences between CID and HCD, it must be highlighted that for FT instruments under similar conditions, HCD tends to result in a capture of a higher number of smaller fragment ions. For instruments with a linear pass-through collision cell (such as QTOF), using a collision energy ramp with CID results in a wide range of fragments that would be characteristic of multiple collision energy states and thus, is preferential for high throughput applications, as it reduces the number of MS2 experiments required for broader profiling.

The differences in the fragmentation mechanisms result in different peptide backbone fragmentation patterns. During peptide backbone cleavage up to 6 distinct site-specific fragment types can form (Figure 9). While CID and HCD typically result in the formation of b- and y-type fragments, a-type fragments, as well as the loss of ammonia (in RKNQ amino acids) and loss of water (in STED amino acids), can also be sometimes observed. ETD typically results in c- and z-type fragments. 

Similar to CID, in-source fragmentation is referred to as any ion fragmentation which takes place before the collision cell. Although typically preferred to be avoided, in-source fragmentation is often applied on instruments lacking a collision cell to produce 
pseudo-MS2 or increase the number of subsequent fragmentations using a collision cell.
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Figure 9. Peptide backbone fragmentation pattern. Adapted from “peptide fragmentation nomenculature” by C. Rath, 2011



Data acquisition strategies for untargeted analysis of peptides. For complex samples with unknown composition, automation and parallelisation of MS2 spectra generation and processing were required to achieve a higher number of identified compounds per sample. An acquisition mode known as data-dependent acquisition (DDA) was proposed to help with automation (Bateman et al., 2014). DDA operates under the premise of automated triggering MS/MS experiment upon reaching the precursor ion (e.g., peptide) intensity threshold in MS1 and hence, is called data dependent. State-of-the-art mass spectrometers usually allow for rapid acquisition of data from multiple MS/MS experiments within one cycle. Although this strategy provides clearer fragmentation information (due to active narrow isolation of precursor ions with quadrupole before fragmentation), it often cannot keep up with sample complexity and modern separation techniques. Every additional MS/MS event requires additional time that extends the overall cycle time thus reducing acquisition speed. Although the required data point number per chromatographic peak in the untargeted analysis is less strict than in targeted analysis, an accurate and reproducible peak integration must still be ensured. Reduction of acquisition speed limits the high throughput separation applications that are typically characterised by faster separation and thus, narrower chromatographic peaks. It is not only challenging to combine high throughput with DDA, but also the possibility of missing an MS/MS experiment due to limited time within the chromatographic peak complicates the matter even further. Moreover, within biological systems, there is a great likelihood of variability in the analyte concentration that leads to a potential situation where the concentration of peptides might remain below the MS/MS-triggering threshold resulting in a false negative result in some of the samples. Additionally, unlike TOF, FT-based systems’ resolving power depends on the scanning speed, i.e., the higher acquisition speed, the lower instrument’s resolution, thus diminishing the highest advantage of FT-based systems (resolving power). 

Although HRMS is characterised by the higher resolution of the main analyser, 
the precursor ion isolation is still carried out by a typically low-resolution analyser, such as a quadrupole or ion trap. This can often result in coeluting compounds with similar near-isobaric mass-to-charge ratios (m/z) being co-fragmented and interfering with each other’s identification (chimeric spectra). Moreover, after a successful MS/MS experiment the precursor ion is typically excluded for the following 30-60 seconds after acquisition resulting in an increased chance of not triggering the MS/MS experiment for closely or co-eluting peptides with similar or identical m/z.

Considering the limitations of DDA, data-independent acquisition (DIA) has been introduced as an alternative (Jiang et al., 2022). Unlike DDA, native DIA does not rely on the threshold-based triggering of quadrupole-based isolation and hence, is not dependent. DIA operates by sequentially alternating between non-fragmenting collision energy 
(low energy) and fragmenting collision energy (high energy). In contrast to DDA, 
this approach ensures no missed data and benefits from a wider dynamic range, but it suffers from inaccuracies during the alignment of fragment and precursor ions as DIA relies exclusively on the accurate integration of the peak’s lift-off, apex, and touch-down points. Further improvements to the DIA experiment include increased selectivity for complex samples to reduce dependency on chromatography. Two main strategies such as stepping/scanning quadrupole and ion mobility separation (IMS) were introduced and discussed next (Puyvelde et al., 2022). 

DIA selectivity enhancement strategies. Quadrupole-enhanced DIA is a hybrid between DDA and native DIA (Chen et al., 2021). Instead of isolating a narrow m/z window (1-4 m/z) that has been selected by software based on MS1 scan precursors, the quadrupole indiscriminately steps or scans over the user-defined m/z range with an application optimised transmission window (typically 10-50 m/z) providing higher MS2 spectral clarity than native DIA. It is important, however, to highlight the difference between stepping (SWATH, Sciex AB) and scanning quadrupole (SONAR, Waters) DIA approaches. Although quadrupole-enhanced DIA modes decrease the overall duty cycle on an instrument (number of ions entering the MS vs number of ions reaching the detector), as stepping and scanning quadrupoles affect both MS2 and MS1 scans, it greatly improves spectral clarity and identification accuracy, thus profiling depth for application without sample quantity limitations. In the case of complex samples, where the coeluting analytes can often fall within the same quadrupole transmission window, SONAR provides improved discrimination power due to the scanning of the transmission window. In practice, during quadrupole scanning, unless isotopic patterns of two coeluting compounds overlap, there is a higher likelihood of the quadrupole transmission window reaching the analyte with lower m/z before it reaches any subsequent analytes of higher m/z.

The ion mobility (IM) presents a complementary separation mechanism, which 
unlike quadrupole-based selectivity enhancement approaches, utilises alternative to 
mass-to-charge ratio ion properties (Puyvelde et al., 2022). Ion mobility generates and measures the effect that an electric field has on the ions moving through a gas phase. According to Gongyu et al. (2020), the ion mobility separation (IMS) mechanisms that are frequently applied to HRMS can be subdivided into 3 main categories:

· Temporally dispersive

· Drift tube IMS (DTIMS) 

· Travelling wave IMS (TWIMS)

· Field dispersive

· Trapped IMS (TIMS)

· Spatially dispersive 

· Field asymmetric IMS (FAIMS); cylindrical geometry

· Differential mobility separation (DMS); planar geometry



Unlike the spatially dispersive ion mobility separation mechanisms, both temporally and field dispersive ion mobility separations that use a trap/eject mechanism can be calibrated to measure the ions’ collision cross section (CCS). Not only are DT-/TW-/TIMS used to increase the peak capacity and spectral clarity while maintaining or improving the duty cycle (unlike the quadrupole enhanced DIA and spatially dispersive IMS), 
but the CCS has also started gaining additional value as an extra identification qualifier 
(Tejada-Casado et al., 2018). In some cases, the use of IMS also results in the improvement of the method’s sensitivity, due to background noise reduction after the application of the IMS filter. 

All IMS-MS mechanisms to a lesser or greater degree can be tuned to allow the transmission of ions of a particular charge state. This is frequently applied for the analysis of oligopeptides with great success by excluding the transmission of singly charged ions and thus, eliminating the interfering background. Recent studies demonstrate the application of FAIMS combined with DIA for longer peptide identification, resulting in a higher number of proteins identified (Bekker-Jensen et al., 2020). However, it must be pointed out that the same studies also show that the operation of FAIMS in combination with DDA results in a reduction of peptide and protein identifications.

The attempts to combine IMS with quadrupole-enhanced DIA have been made. Most notable was the recently introduced parallel accumulation serial fragmentation combined with the data-independent acquisition (diaPASEF) by Matthias Mann’s group in collaboration with Bruker (Meier et al. 2020). The method capitalises on the correlation between mass to charge ratio and ion’s mobility to further improve the duty cycle of the instrument while proving an even greater increase for the precursor identification specificity. However, despite all the recent advancements, there is still a significant room for further improvement in selectivity and acquisition performance.
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Pre-processing of HRMS data plays an important role to correct mass axis deviations and prepare data for subsequent analysis. Pre-processed peak intensities are often normalised between different analytical runs (either using spiked standards or other kinds of housekeeping ions) and chromatographic profiles are aligned based on retention time (RT). The resulting data is then used to co-detect peaks based on m/z, RT and, 
if available, CCS or drift time across the study sample set. As DDA is known to suffer from data completeness issues, “match between runs” algorithms were developed to try to mitigate the problem by extrapolating the data from the peaks that triggered MS/MS to the peaks that were below the triggering intensity threshold. 

With a high chemical complexity of the sample comes an even higher complexity of the data. This is especially true for data recorded as profile (opposed to centroid) and containing IMS data. Working with such information-rich data requires high computational resources in addition to application-specific workflows for both alignment and identification.
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Depending on the sample, the data generated from untargeted peptidomics analysis can be often very complex, for example, resulting from a high number of proteins with unknown sequences hydrolysed by proteases with unknown specificities. Steps to reduce the data complexity which in turn reduces processing time should be taken. Statistical analysis and subsequent data filtration can help with multiple aspects associated with untargeted workflows. First, statistical methods such as ANOVA are often used to exclude the differences between the mean values of different groups that are not statistically significant or are random (Nakayasu et al., 2021). The use of principal component analysis and orthogonal/partial least squares-discriminant analysis 
(O/PLS-DA) allows feature clustering and visualisation of grouping differences (Windarsih et al., 2022). Not only does it help to visualise the differences and grouping, but also, in the case of using pooled QC sample, ensures the validity of the experimental design. Blank samples are invaluable assets in eliminating background from the analysis. 
As previously mentioned, power analysis is used to calculate the minimum number of samples required to detect a statistically significant difference between groups. 
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As the ultimate goal of peptide profiling (i.e., peptide identification) is to elucidate its amino acid sequence, three main peptide identification strategies are commonly used. Firstly, peptide mapping or database search is effectively used when peptides originate from a protein the sequence of which is known. Considering protease/peptidase specificity (if known), unknown peptides are matched against all theoretical peptides that can be a result of the hydrolysis of a given protein(s). Secondly, in case of unknown protein sequence or unelucidated protease/peptidase specificity de novo sequencing can be carried out that attempts to predict oligopeptide composition purely based on the fragment ions of particular precursor ions. Thirdly, in the case of small peptides, typically 2-5 AA, identification can often be carried out via the existing in-silico databases (ChemSpider Peptides and METLIN) that have been generated before the analysis. 

One of the biggest challenges in peptide identification is insufficient identification accuracy for unambiguous identification assignments. Unlike higher molecular weight oligopeptides, which due to a higher number of peptide bonds tend to ionise with a higher charge state (≥ 2+), smaller molecular weight peptides (2-5 AA) most commonly ionise as singly charged ions. The singly charged species produce fewer selective fragments, which leads to a reduced identification accuracy, which unlike longer peptides, renders short peptides not highly applicable to de novo sequencing. Fragmentation of quadrupole isolated precursor ions at various fixed collision energies can provide defining fragment ion ratios, resulting in a higher degree of confidence in identification results, but such experiments are ultimately aimed at identification confirmation of a small number of molecules against standards of peptide candidates and are not very applicable to large studies where identification of hundreds or thousands of peptides is a priority.

Ion mobility separations capable of measuring the ion’s CCS provide an extra qualifier to reduce false positive, potentially separate isobaric peptides and result in higher confidence in identification results. While CCS measurement is a relatively novel application and empirical CCS libraries are being constantly updated with new entries (including different adducts), a computational approach provides a more cost-efficient alternative to profiling thousands of compounds (Zhou, Tu and Zhu., 2018).

Finally, another useful tool for validation of identification is the adducts (including neutral loss) formed during ionisation (Liu et al., 2015). For example, in positive electrospray ionisation adducts would commonly include protonation of various degrees, and formation of sodium, potassium, and ammonia adducts. Neutral loss, such as loss of water, is frequently observed and can be either result of an analyte-specific ionisation mechanism or a result of unoptimised voltages leading to in-source fragmentation. 
In some cases, two conflicting adducts can result in misidentification. For example, even though the loss of water is a likely event during the ionisation of some organic and amino acids, it is not very common during peptide ionisation. For example, a protonated tripeptide Ala-Pro-Leu and protonated with a loss of water tripeptide Ser-Val-Leu will result in the same deconvoluted molecular formula of C14H27N3O5 and practically indistinguishable fragmentation patterns. Hence, loss of water should be considered for peptide identification with precaution.
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Quantification presents the last, but, perhaps, one of the most challenging processes in the untargeted peptide analysis of biological samples. The analyte concentration ranges are often greater than the dynamic range of any modern MS instruments (Beri et al., 2015). Accurately measuring the concentration of analytes in one analysis is very challenging as the concentrations may differ up to several orders of magnitude.

Mass spectrometry is intrinsically not quantitative. However, using internal (including isotopically labelled) and external standards, it can be calibrated to produce an absolute concentration value for a particular analyte of interest. This forms the basis of targeted analysis, where all compounds of interest are measured against a calibration curve of response ratios between the analyte and an isotopically labelled version of the analyte (Feteisi et al., 2015). However, this approach is not the most cost-efficient and with an increasing number of analytes increases the associated cost of analysis. Relative quantification or screening (for previously identified/profiled compounds) typically uses a normalised sample load combined with a spike with a set of non-endogenous to the sample standards to account for inter- and intra-sample variation (Kultima et al., 2009; Graw et al., 2020). Analyte response values normalised against spike standards provide relative amounts of the same analyte that can be used for comparison between samples. The quantitative accuracy of this approach is highly limited compared to the targeted workflow, but the use of relative abundances still allows for making decisions on the statistical importance of the chemical space of the sample. 

Label-free quantification (LFQ) used in proteomics relies on the quantification of post-digest oligopeptides, ionisation efficiency of which levels out with an increase in peptide length (>6 AA). Shorter peptides have been demonstrated to have a vast difference in ionisation efficiency and are not applicable for LFQ (Liigand et al., 2018).

In recent years, computational approaches to estimate ionisation efficiency are being proposed. The studies are, however, frequently limited by the experimental design of the studies and a lot of further research is required to utilise similar approaches to mainstream applications (Liigand et al., 2018).

[bookmark: _Toc114431498][bookmark: _Toc120698051]Peptide Derivatisation

Derivatisation of short peptides could potentially allow tackling some of the shortcomings of identification and quantification workflows.  Qiao et al. (2012) claim that derivatisation of unmodified peptides with hydrophobic and/or basic groups will result in not only improved reversed-phase chromatographic performance (increased hydrophobicity resulting in higher column retention of polar peptides) but also increased ionisation efficiency (hydrophobic peptides undergo gas-phase protonation more easily). Moreover, neutralisation/derivatisation of the negative charge of the carboxyl group via derivatisation could further improve ionisation efficiency as well as increase the peptide’s charge state (Frey et al., 2013).  

Selective derivatisation of the C- and/or N-terminus of a peptide could result in the generation of specific fragments that would further improve identification assignment accuracy (Wang et al., 2009). However, this approach would require extended sample preparation to account for kinetics experiments with time series, where derivatisation would be required after each time point. Moreover, a dedicated software workflow would need to be created to account for peptide modifications caused by derivatisation.

[bookmark: _Toc114431499][bookmark: _Toc120698052]Aims of the Dissertation

The main objective of this thesis was to investigate and further develop methodologies for the analysis of peptides in various biological samples to improve the profiling coverage and throughput of untargeted peptides screening.



The developed workflows were tested for the following applications and categorised into three case studies:

· Case Study I: Profiling of peptide composition during cheese ripening (Publication I and Publication II)

· Case Study II: Characterisation of protein hydrolysate composition produced with the protease of unknown specificity and screening of peptide consumption by yeast during alcoholic fermentation (Publication III, Supplementary Study I) 

· Case Study III: Untargeted peptide analysis to study the effects of different brewers’ malts and mashing regimes on wort peptide profile (Supplementary Study II)



[bookmark: _Toc114431500][bookmark: _Toc120698053]Materials and Methods

More specific information regarding the methods used in each published study can be found in the corresponding publications (Appendix 1, Appendix 2, and Appendix 3). 
The following sections are presented as a consolidated part of the materials and methods, providing a broader overview, as well as outlining important aspects of supplementary studies. 
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In Publications I and II, peptide profiling of two different kinds of cheese (Gouda and Emmental) was developed and carried out in response to different ripening conditions. 

In Publication III and Supplementary Study I, a methodology for analysis of the composition of small peptides in protein hydrolysates prepared with protease(s) of unknown specificity was developed and used to monitor their consumption by yeast during fermentation of hydrolysate spiked synthetic grape must.

In Supplementary Study II, the effect of different mashing regimes of malt was explored on peptides composition in the resulting worts.

[bookmark: _Toc114431502][bookmark: _Toc120698055]Sample Preparation

In Case Study I (Publications I and II), sample preparation of cheese water-soluble extracts (pH 4.6) for LC-MS analysis was accompanied by protein precipitation with acetonitrile and the following removal by centrifugation. Unlike in Publication I, in Publication II the requirement to normalise the sample load on the column was mitigated by using a larger internal diameter analytical column with higher load tolerance as well as a regular ESI source and thus, sample load normalisation was omitted.

In Case Study II (Publication III and Supplementary Study I), sample preparation of synthetic grape must and bovine serum albumin hydrolysate for LC-MS analysis was carried out by ultrafiltration and protein precipitation with acetonitrile and centrifugation. In Supplementary Study I, the enzymatic hydrolysis of bovine serum albumin (40 g/L) was performed in 10 mL potassium phosphate buffer (0.5M, pH 7) at 45°C for 24 hours. Three commercial proteases: Corolase® 7089, Corolase® 8000 and Corolase® APC (AB Enzymes, Darmstadt, Germany), and combinations thereof were studied. Samples preparation of BSA hydrolysate consisted of ultrafiltration and protein precipitation, as used in Publication III. 

In Case Study III (Supplementary Study II), different malts (Château Pilsen 2RS, Château Pale Ale and Château Distilling) were acquired from La Malterie du Château SA (Verviers, Belgium).  The worts were produced by mashing 440 grams of milled malt in 
2 litres of distilled water. For each malt, three different mashing regimes were applied (Figure 10): mash 1 (67°C for 60 min); mash 2 (20 minutes at 50°C followed by 60 minutes at 67°C); mash 3 (20 minutes at 40°C, then 20 minutes at 50°C, followed by 60 minutes at 67°C). After mashing, the worts were boiled for 60 minutes and then cooled down to room temperature on ice. The worts were subsequently centrifuged at 4667 g to remove insoluble debris. 
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Figure 10. Temperature profiles of the different mashing regimes used in Supplementary Study II.

Due to the low peptide concentrations in the obtained worts, the samples required concentration before further analysis by HRMS. For concentration via evaporation, viscosity-increasing fermentable sugars were removed by fermentation of worts with a yeast strain in which the genes encoding for peptide transporters were knocked out (Becerra-Rodríguez et al., 2021). To promote dextrin hydrolysis, glucoamylase (0.1% w/w, MEGA PACIFIC TECHNOLOGY INC, Arcadia CA, USA) was also added. 

[bookmark: _Toc114431503][bookmark: _Toc120698056]Instrumental

[bookmark: _Toc114431504][bookmark: _Toc120698057]Liquid Chromatography

In Publication I, a nanoUHPLC-FL (NanoAcquity, Waters Corporation, Milford, MA, USA) system was used. The LC system operated in forward-trap mode. A short column with a larger diameter and particle size (Acquity UPLC® Symmetry C18 Nanoacquity 10 k 2 g V/M, 100A, 5 µm, 180 µm × 20 mm, Waters Corporation, Milford, MA, USA) was used to trap peptides that were then analysed with a nanoUHPLC column (Acquity UPLC® M-Class HSS T3, 1.8 µm, 75 µm × 150 mm, Waters Corporation).

In Publication II and III, as well as Supplementary Study I and II, an analytical 
UHPLC-FL (I-Class Plus, Waters Corporation, Milford, MA, USA) using Acquity UPLC® HSS T3 (1.8 µm, 1 × 150 mm, Waters Corporation) was used. Chromatographic conditions used in Supplementary Study I and II were identical to Publication III.

[bookmark: _Toc114431505][bookmark: _Toc120698058]Mass Spectrometry

For Publication I, a MALDI SYNAPT G2-Si mass spectrometer (Waters Corporation, Milford, MA, USA) with NanoLockSpray exact mass ionisation source was used. 
The instrument was operated in MSE (DIA mode) as the travelling wave ion mobility separation option was not enabled.

For the remaining publications and supplementary studies, Vion IMS QTof mass spectrometer (Waters Corporation, Milford, MA, USA) was used and operated in HDMSE, TWIMS-enabled DIA.

[bookmark: _Toc114431506][bookmark: _Toc120698059][bookmark: _Toc95217314]Data Processing and Analysis

Data processing was carried out using various software packages and workflows.

In Publication I, MassLynx (Waters Corporation, Milford, MA, USA) and Progenesis QI for Proteomics (Nonlinear Dynamics, Newcastle, UK) were used to acquire, process, and analyse the raw data. 

In Publication II, UNIFI large molecule package (Waters Corporation, Milford, MA, USA) in conjunction with in-house data analysis and visualisation scripts written in the PythonTM programming language (Python Software Foundation, Wilmington, USA) were used to acquire, process, analyse and visualise the raw data.

In Publication III and Supplementary Studies I and II, UNIFI Large molecule package (Waters Corporation, Milford, MA, USA) and Progenesis QI (Nonlinear Dynamics, Newcastle, UK) in conjunction with in-house data analysis and visualisation scripts written in the PythonTM programming language (Python Software Foundation, Wilmington, USA) were used to acquire, process, analyse and visualise the raw data.



[bookmark: _Toc114431507][bookmark: _Toc120698060]Results and Discussion

The results presented below are based on three publications and two supplementary studies. Considering the variability of the aims of the studies and the experiment design used, a summary of the main outcomes and the scientific/technological impact concerning methodology and respective outcomes are given in Table 1. In Case Study I (Publications I (P1) and II (P2)), the methodology development and optimisation of the analytical throughput for the cheese peptide profiling during ripening were carried out. In Case Study II (Publication III (P3) and Supplementary Study I (SS1)), peptide profiling of BSA hydrolysates prepared with different proteolytic enzymes was carried out. 
In Publication III, peptide profiling of BSA proteolytic digest prepared with the industrial protease of unknown specificity was carried out, including an assessment of consumption of these peptides by yeast during fermentation in synthetic must. In Case Study III (Supplementary Study II (SS2)) we explored the effect of different malt types and mashing regimes on the resulting peptide composition in the wort. 



Table 1. Outcome and impact of the studies.
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[bookmark: _Toc114431508][bookmark: _Toc120698061][bookmark: _Toc95217318]Case Study I: Peptide Profiling and Screening During Cheese Ripening (Publications I and II)

Case Study I aimed at investigating the improvement of the analytical throughput of cheese ripening characterisation using peptide profiling via different approaches: application of nanoUHPLC (75 µm ID, flow rate of 0.3 µL/min) combined with 
data-independent acquisition mode (Publication I) and a narrow bore analytical column on UHPLC (1 mm ID, flow rate of 100 µL/min) was used in combination with ion mobility enabled DIA mode to characterise cheese proteolysis (Publication II). 

Chromatographic conditions relative to sensitivity and sample preparation. Although the column load on the nanoUHPLC column (200 ng) was significantly lower than on the analytical column, the resulting base peak intensity (BPI) profile from nanoUHPLC (4.5e6) was more than 25-fold higher than the BPI profiles acquired using the analytical column (1.8e5) (Figure 11). However, a significantly higher loading capacity of the analytical flow system resulted in simplification of the sample preparation that did not require sample concentration normalisation and thus, no further back-calculation to the original sample concentrations. 

[image: ][image: ]

Figure 11. Comparison of cheese BPI profiles (retention time vs intensity): Top- nanoUHPLC-HRMS (Publication I); Bottom- UHPLC-IMS-HRMS (Publication II).

Peptide retention profiles. The overlay of total ion current (TIC) chromatograms of peptide profiles acquired in Publication II (Figure 12) better illustrates not only early eluting species that might have been lost with nanoUHPLC (due to loading into a trap column, Figure 11 Top) but also far better gradient utilisation to analyse the samples.







[image: ] 

Figure 12. Cheese starting point sample TIC profiles (retention time vs intensity) UHPLC-IMS-HRMS overlay (Publication II).

MS sensitivity relative to the instrumentation used. In Publication II, the overall sensitivity loss, resulting from using travelling wave IMS-DIA (estimated at 20-30% versus native DIA) was mitigated by the higher sensitivity of the Vion IMS QTof (Water Corporation) compared to the SYNAPT G2-Si (Waters Corporation), used in Publication I. Considering the sensitivity performance characteristics of both systems, the nanoUHPLC demonstrated superior sensitivity results compared to analytical UHPLC.

The number of peptides identified. Both methods allowed the identification of over 400 peptides arising from casein hydrolysis. However, comparing BPI profiles from both publications, a significant delay in the elution profile from nanoUHPLC can be observed (Figure11). The main reason for such delay was the requirement of the trap-elute step prior to separation on the analytical column. Moreover, sample complexity observed in the TIC profile of UHPLC (Figure 12) suggests that further improvement to the elution profile should have been made.

Although other studies have demonstrated higher numbers of identifiable peptides in similar studies (that are typically achieved with 2-4 hour analytical gradients), the final sample comparison is often narrowed down to the most significant peptides (abundance or fold change; typically less than 500, Taivosalo et al., 2018), thus making increased throughput (with no significant detrimental effect on the statistical model) a higher priority than deeper profiling capabilities.

The software played an important role in the analysis of data. PQI for Proteomics (Nonlinear Dynamics) used in the Publication I allowed for automated peak alignment, normalisation and processing, all of which had to be done manually or with help of Python script in the former study described in Publication II.

The addition of TWIMS in Publication II revealed the presence of peptides with the same sequence, CCS values of which were not identical. This allowed for even finer alignment and filtering as many peptides were either coeluting or eluting very closely. One of the possible explanations is that the peptides can originate from different protein isoforms, the structural conformation of which might be different. These peptides would have been fully missed with DDA mode due to dynamic exclusion, typically for 30-60 s, of species of the same m/z and therefore would have not been selected for fragmentation. 

Finally, reflecting on the benefits and drawbacks of the methods tested in both publications, a combination of 300 µm ID column and IMS-enabled DIA is highly recommended for peptide analysis in cheese to achieve high throughput while maintaining high sensitivity.

[bookmark: _Toc114431509][bookmark: _Toc120698062]Case Study II: Peptide Mapping and Screening of Protein Hydrolysate Consumption During Alcoholic Fermentation (Supplementary Study I and Publication III)

In Case Study II, the use of UNIFI-based peptide mapping in combination with Progenesis QI (Nonlinear Dynamics) for profiling and screening of smaller molecular weight peptides was investigated. 

First, the proteolytic activity of three commercial proteases or a combination of those was characterised to find a suitable protease for BSA hydrolysis (Supplementary Study I).  As the goal of Publication III was to develop a methodology for assessment of peptides assimilation by yeast, the main criterium was to find a protease or combination of proteases that produces a peptide mixture from BSA with the maximum number of 
small MW (2-5 AA) peptides assimilable to yeast, with the least release of free amino acids. Based on this criterium, Corolase® 7089 (AB Enzymes, Darmstadt, Germany) was chosen for its ability to generate a significant number (123 peptides chosen for relative quantification) of small MW (di- to penta-) peptides while leaving the lowest concentration of free AA (Table 2). 



Table 2. Comparison of performances of different industrial proteases and their combinations.
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Although small peptide sequence identification using this method remains a challenge (due to uncertainty in absolute identification assignment of short peptides), the tentative peptide identification still provides useful information about peptides' chain length and amino acid composition. The proposed methodology, relying on the reduced sample complexity, benefits from a significantly shortened time required for sample analysis, namely 18.5 min (compared to 70 and 48.5 min for Publications I and II respectively). 
For large cohort studies, even sub-20-minute analytical runs can result in weeks-long sample sets. Therefore, further improvement of the method throughput should be investigated.

[bookmark: _Toc114431510][bookmark: _Toc120698063]Case Study III: Untargeted Peptide Profiling During Wort Production (Supplementary Study II)

Based on the results of Publication III and namely, the correlation of identification assignment accuracy between peptide mapping and untargeted analysis, Supplementary Study II was carried out to evaluate the effects of different malt types and mashing regimes on the resulting peptide composition in the respective worts. Figure 13 (from Publication III) reiterates the applicability of the fully untargeted peptidomics approach, where protein sequence might not be available. Namely, assignment of peptide length and peptide amino acid composition (non-discriminating to leucine and isoleucine) by fully untargeted workflow matched 90.5% and 71.4% of the assignment by the peptide mapping approach (using BSA sequence and non-specific cleavage). Being fully based on the untargeted workflow, Supplementary Study II was most dependent on the statistical evaluation of the samples. Table 3 provides a short recap of the samples studied.
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Figure 13. The dependence of the peptide matching specificity criteria on the peptide identification assignment discrepancy (Arju et al., 2022).















Table 3. Malt types, mashing regimes, and respective sample numbers (Figure 10).

		

		Malt



		

		1

		2

		3



		

		Château Pilsen 2RS®

		Chateau Pale Ale®

		Chateau Distilling®



		Mashing regime

		1

		1.1

		2.1

		3.1



		

		2

		1.2

		2.2

		3.2



		

		3

		1.3

		2.3

		3.3







Based on the tentative identification of 183 peptides (Chemspider_Peptides database) with a fold change over 1.5, the PLS-DA showed a distinct separation of samples prepared with different malt types (Figure 14) and mashing regimes (Figure 15).
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Figure 14. PLS-DA, grouping accordingly to malt type. Blue- Pale Ale and Distilling malts; Red- Pilsner malt (Table 3).
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Figure 15. PLS-DA, grouping accordingly to mashing regime. Red- mashing 1; Blue- mashing 2; Green- mashing 3 (Table 3).

Further data review confirmed the trends between relative peptide abundances of Pilsner, Pale Ale, and Distilling malts (Figures 16 and 17) as well as between mashing regimes 1, 2 and 3 (Figures 18 and 19).
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Figure 16. Relative peptide abundance changes due to different malt types (higher in Pilsner malt).
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Figure 17. Relative peptide abundance changes due to different malt types (higher in Pale Ale and Distilling malts).

Figures 16 and 17 highlighted two trends that contribute to the differentiation observed in Figure 14. Namely, worts prepared from Pilsner malt (1.1-1.3) differentiated those from Pale Ale (2.1-2.3) and Distilling (3.1-3.3) malts. Each line in the graph represents the relative abundance of the most notable peptides (i.e., those with the highest fold change observed during individual experiments, Table 4).



Table 4. Example of top 5 peptides with highest fold change differentiating the malt types used in Case Study II. Trend 1 represents peptides in Figure 16; Trend 2 represents peptides in Figure 17.
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Figure 15 highlights trends contributing to the differentiation observed in the mashing regimes (Figures 18 and 19), most notable (highest fold change top 5) of which are presented in Table 5.
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Figure 18. Peptide relative concentration trends due to differences in the mashing regimes (increasing peptide abundance with every additional mashing step).
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Figure 19. Peptide relative abundance trends due to differences in the mashing regimes (decreasing peptide abundance with every additional mashing step)







Table 5. Peptides with highest fold change differentiating the mashing regimes used in Case Study II. Trend 3 represents peptides in Figure 18; Trend 4 represents peptides in Figure 19.

[image: ]

Comparison between Tables 4 and 5 revealed that there was not only a higher number of peptides that differentiates the malt types (trend 1 and 2 (14/26) vs trend 3 and 4 (6/2)) but also the maximum fold change was higher (trend 1 and 2 (6/8.7) vs trend 3 and 4 (2.1/3)), compared to what was observed in case of different mashing regimes. These results suggest that malt type might have higher impact on the composition of the peptides than the applied mashing regimes. Thus, peptides composition in the worts prepared from Pale Ale and Distilling malts are much more similar than those from Pilsner malt.

Even though this study was carried out as proof of a concept, it has still managed to provide significant evidence to justify the continuation of the research, due to the high technological value in it. The outcome of this study, demonstrating differences in peptide compositions and relative concentrations in response to malt types and mashing regimes has high importance for the food and fermentation industry and deserves further research with a more optimised experimental design to achieve better differentiation and higher result confidence levels. Additionally, similar studies can be used not only to investigate the effect of different processing parameters on peptide composition but also for authentication of different products or raw materials, based on the peptide profile.



[bookmark: _Toc114431511][bookmark: _Toc120698064]Conclusions

The main objective of this thesis was to develop and implement higher throughput methodologies for peptide composition profiling and peptide consumption screening in various biological matrices applicable to food- and biotechnology. The developed methodologies were based on nanoUHPLC-DIA-HRMS and UHPLC-IMS-DIA-HRMS and were tested with three practical matrix-based case studies. 

In the first case study, the development and implementation of peptide profiling during cheese ripening were carried out. The nanoUPLC-DIA-HRMS method was developed for peptide profiling of the Gouda-type cheese ripening and a significant reduction in analysis time (70-min) was achieved. However, the drawbacks of the improved throughput were found to be an underutilised elution profile of peptides and a longer equilibration time due to the use of nanoUHPLC. The reduction in the overall number of peptide identifications (c.a. 500 in the most peptide-rich samples) was found to be sufficient for effective sample differentiation and evaluation of the proteolytic activity during cheese ripening. For peptide profiling during Emmental cheese ripening, the UHPLC-IMS-DIA-HRMS method was developed. Not only was a further reduction in analysis time (less than 50-min) achieved, but also an improvement of the peptide elution profile along with simplified sample preparation protocol were realised due to the use of UHPLC. Additionally, the use of IMS has revealed the presence of previously unreported peptide structural isomers, detection of which was made possible due to the combined use of IMS and DIA. However, the use of UHPLC resulted in a lower overall peptide signal response compared to the peptide signal response in the previously described work with Gouda-type cheese. Similar to the methodology used for 
Gouda-type cheese, the drawback of the improved throughput in this work was a reduction in the overall number of peptide identifications (c.a. 450 in the most peptide-rich samples). 

In the second case study, the peptide mapping method was developed for rapid elucidation of proteolytic enzyme cleavage specificity using UHPLC-IMS-DIA-HRMS. 
The developed method allowed for analysis of peptides composition in protein hydrolysate within less than a 20-min analytical run and consequently has contributed to a significant improvement of the sample throughput. The methodology was then applied for the untargeted screening of short peptide consumption during microbial fermentation. Another important outcome of this study is that the developed methodology can be used to profile the short peptide (2-4 AA) composition of previously unelucidated protein sources with a certain degree of confidence (peptide length and AA composition). Successful completion of this study allowed for a critical large-cohort-data evaluation and proposition of additional changes to further improve the methodology’s throughput. 

In the third case study, the same UHPLC-IMS-DIA-HRMS methodology was further shown applicable for untargeted evaluation of peptide composition in unelucidated complex natural matrices. 
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Development and implementation of high throughput peptidomics for microbial studies

Peptides are a class of highly diversified biopolymeric molecules that find many practical uses. However, their chemical diversity result in many challenges associated with their analysis , which is especially evident in the case of complex natural matrices containing peptides from undefined proteins and proteases with unelucidated specificities. 

This manuscript aims to develop liquid chromatography (LC) mass spectrometry (MS) methodologies for peptide analysis in different food matrices. The primary focus was on the untargeted workflows using ultrahigh pressure liquid chromatography (UHPLC) coupled with the data-independent acquisition (DIA) high-resolution mass spectrometry (HRMS) to improve throughput and flexibility of peptidome profiling and untargeted peptide consumption screening capabilities in various matrices such as cheese, synthetic grape must and beer wort.

Theoretical and practical knowledge created in this work, along with published data and supplementary materials present progression from a rather complex workflow based on nano-UHPLC and DIA-HRMS to a well-streamlined, high-throughput workflow utilising UPLC coupled with ion-mobility separation enabled (IMS) DIA-HRMS with substantially simplified sample preparation applicable for peptidome analysis in food- and biotechnological studies.
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Suure läbilaskevõimega peptidoomika meetodite arendamine ja juurutamine mikrobioloogilisteks uuringuteks 

Peptiidid on paljude erinevate funktsioonidega aminohapetest koosnevad biomolekulid, millede määramine võib omada tihti praktilist tähtsust. Tulenevalt oma keemilisest mitmekesisusest on peptiidide analüüs seotud mitmete väljakutsetega, eelkõige keeruliste bioloogiliste maatriksite puhul, kus peptiidid pärinevad määratlemata aminohappelise järjestusega valkudest ja/või on tekkinud teadmata spetsiifilisusega proteaaside toimel.

Käesoleva doktoritöö peamiseks eesmärgiks oli töötada välja kombineeritud vedelikkromatograafia ja massispektromeetria metoodikad peptiidide analüüsiks erinevates komplekssetes maatriksites. Töö põhifookus oli suunatud mittesihitud analüüsi meetodite väljatöötamisele, parandades peptidoomiprofiilide määramise jõudlust erinevate maatriksite näitel, nagu juust, viinamarja- ja õllevirre.

Töö teoreetilised ja praktilised väljundid koos avaldatud andmete ja täiendavate materjalidega tutvustavad edasiminekut nano-UHPLC-DIA-HRMS-il (ingl. k. nano ultrahigh pressure liquid chromatorgaphy data-independnent acquisition high-resolution mass spectrometry) põhinevalt suhteliselt komplitseeritud ja töömahukalt metoodikalt suure läbilaskevõimega metoodikale, mis baseerub UPLC-IMS-DIA-HRMS-il (ingl. k. ultrahigh pressure liquid chromatography ion mobility separation data-independent acquisition high-resolution mass spectrometry) ja võimaldab seejuures kasutada ka oluliselt lihtsustatud proovide ettevalmistust peptidoomi analüüsiks toidu- ja biotehnoloogilistes protsessides.
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