
Acceptée sur proposition du jury

pour l’obtention du grade de Docteur ès Sciences

par

Advancing Glycan Analysis: Cryogenic Ion 
Spectroscopy for Database-Driven Identification

Ali H ABIKHODR

Thèse n° 10 329

2023

Présentée le 8 décembre 2023

Prof. R. Beck, président du jury
Prof. T. Rizzo, directeur de thèse
Prof. K. Pagel, rapporteur
Prof. J. Oomens, rapporteur
Prof. S. Gerber, rapporteuse

Faculté des sciences de base
Laboratoire de chimie physique moléculaire
Programme doctoral en chimie et génie chimique 



 

 i 

Abstract 
Glycans play a pivotal role in both physiological processes; however, the field of glycobiology 

remains relatively understudied within biochemistry. The intricate complexity of glycans, 

coupled with their abundance of isomeric forms, presents formidable challenges in their 

analysis, thereby impeding a comprehensive analysis of their functional significance. The first 

step towards understanding the precise function of each glycan is  the identification of its 

primary structure. To tackle this, substantial research efforts have been directed towards the 

development of methods for glycan structural elucidation.  

Gas phase techniques offer a significant advantage for the detailed characterization of glycans, 

primarily due to their ability to isolate distinct isomeric forms. However, traditional analytical 

approaches still fall short as they do not provide complete structural information. This 

necessitates the employment of new tools to unravel the intricacies of glycans. 

This thesis demonstrates the use of ion mobility, mass spectrometry, and cryogenic IR 

spectroscopy for the comprehensive analysis and unambiguous identification of glycans. The 

initial focus of this research is the enhancement of the sensitivity and speed of these techniques. 

Subsequently, we introduce a spectroscopic database approach that enables the discrimination 

of isomeric glycans that have been separated through ion mobility. Additionally, we present 

the application of spectral decomposition to resolve glycans with overlapping ion mobility 

profiles. 

Next, we illustrate the utilization of Hadamard transform to advance the throughput of our 

technique. This approach allows for simultaneous acquisition of the IR spectra of diverse 

glycans separated by ion mobility within a single laser scan.  

After establishing a robust identification procedure for glycans against our database, we 

showcase the combination of ion mobility spectrometry, collision-induced dissociation, and 

cryogenic IR spectroscopy for identifying isomeric human milk oligosaccharides not 

represented in our database. This method involves fragmenting the glycans, identifying the 

resulting fragments, and subsequently reconstructing the structure of the precursor molecule. 

This innovative approach expands our glycan database without the necessity for additional 

standards. 



 

 ii 

The final part of this research focuses on the online integration of liquid chromatography with 

cryogenic IR spectroscopy. We demonstrate that the advances in acquisition speed facilitate 

real-time identification of peaks as they elute during liquid chromatographic analysis. 
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Résumé 
Les glycanes jouent un rôle central dans deux processus physiologiques ; cependant, le 

domaine de la glycobiologie reste relativement peu étudié en biochimie. La complexité 

intrinsèque des glycanes, associée à leur abondance de formes isomères, présente d'énormes 

défis dans leur analyse, ce qui entrave une compréhension complète de leur signification 

fonctionnelle. La première étape vers la compréhension de la fonction précise de chaque glycan 

consiste en l'identification de sa structure primaire. Pour résoudre ce problème, d'importants 

efforts de recherche ont été dirigés vers le développement de méthodes d'élucidation structurale 

des glycanes. 

Les techniques en phase gazeuse offrent un avantage significatif pour la caractérisation 

détaillée des glycanes, principalement en raison de leur capacité à isoler des formes isomères 

distinctes. Cependant, les approches analytiques traditionnelles demeurent insuffisantes car 

elles ne fournissent pas des informations structurelles complètes. Cela nécessite l'adoption de 

nouveaux outils pour dévoiler les subtilités des glycanes. 

Cette thèse démontre l'utilisation de la mobilité ionique, de la spectrométrie de masse et de la 

spectroscopie IR cryogénique pour une analyse complète et une identification sans ambiguïté 

des glycanes. L'objectif initial de cette recherche est d'améliorer la sensibilité et la rapidité de 

ces techniques. Par la suite, nous introduisons une approche de base de données 

spectroscopique qui permet de distinguer les glycanes isomères séparés par mobilité ionique. 

De plus, nous présentons l'application de la décomposition spectrale pour résoudre les glycanes 

dont les profils de mobilité ionique se chevauchent. 

Nous illustrons ensuite l'utilisation de la transformée de Hadamard pour augmenter le débit de 

notre technique. Cette approche permet l'acquisition simultanée des spectres IR de divers 

glycanes séparés par mobilité ionique au sein d'un seul balayage laser. 

Après avoir établi une procédure d'identification robuste des glycanes par rapport à notre base 

de données, nous présentons la combinaison de la spectrométrie de mobilité ionique, de la 

dissociation induite par collision et de la spectroscopie IR cryogénique pour identifier les 

oligosaccharides isomères du lait maternel qui ne sont pas représentés dans notre base de 

données. Cette méthode consiste à fragmenter les glycanes, à identifier les fragments résultants, 

puis à reconstruire la structure de la molécule précurseur. Cette approche innovante élargit 

notre base de données sur les glycanes sans nécessiter de normes supplémentaires. 
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La dernière partie de cette recherche se concentre sur l'intégration en ligne de la 

chromatographie liquide avec la spectroscopie IR cryogénique. Nous démontrons que les 

progrès en matière de vitesse d'acquisition facilitent l'identification en temps réel des pics lors 

de leur élution lors de l'analyse chromatographique liquide. 
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Chapter 1 Introduction 
1.1 The importance of glycans 

Glycans, also known as carbohydrates, oligosaccharides, or sugars, are a diverse class of 

biopolymers comprised of covalently linked monosaccharide units. As either free molecules or 

attachments to proteins, lipids, and nucleic acids,1, 2 these complex sugars fulfill crucial 

functions in various biological processes, including cell recognition, cell signaling, and 

immune response. They provide a mechanism for cells to identify and interact with one another, 
3, 4 enabling them to differentiate between self and non-self.5, 6 This is particularly important in 

the development and function of the immune system, where the glycans on the surface of white 

blood cells act as receptors, allowing them to recognize and respond to pathogens.6-8 Glycans 

also serve as receptors for signaling molecules,9-11 enabling cells to communicate with one 

another, which is critical for multiple processes such as cell growth, differentiation, and the 

immunosuppressive respone.12, 13 Glycans further influence cell signaling pathways, by 

modulating the activity of enzymes and other proteins.14-17 

Glycans also play a significant role in various physiological processes.18 For example, they are 

essential for developing and maintaining the extracellular matrix,19, 20 which provides structural 

support for cells and tissues. They influence the regulation of blood coagulation and the 

formation of the blood-brain barrier.21-24 Moreover, alterations in glycosylation patterns have 

been linked to various types of disease. For example, cancer cells often display abnormal 

glycans on their surface, which can be used as markers for early detection and diagnosis.25-27 

Pathogenic microorganisms, such as viruses and bacteria, have evolved to exploit host glycans 

as receptors for entry and infection.28-30 Figure 1.1 shows how pathogens interact with different 

glycans for recognition and adhesion.  
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Figure 1.1. Various strategies used by pathogens for glycan recognition and adhesion. 

Adapted from Imberty et. al.31 

More recently, glycans have played an integral role in the development of therapeutic 

strategies.32, 33 For instance, monoclonal antibodies that target glycans have been developed as 

therapeutics for cancer, autoimmune diseases, and other conditions.34, 35 Glycans have also 

been used as scaffolds for developing new drugs and vaccines.36, 37 Their role in disease 

pathology and their potential for therapeutic strategies emphasizes the need for analytical tools 

that can elucidate their structure. .  

1.2 Glycan isomeric complexity 

Elucidating the primary structure of glycans is not trivial, due to their isomeric complexity.2 

Several factors contribute to this complexity. First, many monosaccharide building blocks are 

isomers of one another, differing by the stereochemistry of the asymmetric carbon atoms to 

which hydroxy groups are attached. For example, Figure 1.2 shows how changing the 

stereochemistry of C4 of glucose from an (S) to an (R) configuration transforms it into 

galactose, whereas switching C2 from an (R) to an (S) configuration would give mannose. 
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Figure 1.2. Stereochemistry differences between three monosaccharide isomers 

The isomeric complexity of glycans is thus further compounded by the fact that each 

monosaccharide can exist in one of two anomeric forms. One form is referred to as the b 

anomer in which the hydroxyl groups on C1 and C5 of the monosaccharide are in the cis 

configuration, while the other form is referred to as the a anomer, where these two groups are 

in the trans configuration. When a glycosidic bond is formed between the anomeric carbon 

(C1) of a monosaccharide and a hydroxy group of another, it can thus give rise to two isomeric 

disaccharides. Figure 1.3 illustrates how the only structural difference between the isomers 

cellobiose and maltose is the configuration of the hydroxy group on the C1 carbon involved in 

the glycosidic linkage.  

 

Figure 1.3. The effect the anomericity of C1 on glycan structure 

Reducing sugars have a free hydroxy group at the C1 carbon of a monosaccharide unit, and 

this defines the reducing end of the oligosaccharide. The reducing end monosaccharide can 

undergo a process called mutarotation, in which the OH group can switch between the α and β 

configurations by the ring opening and reclosing, which occurs only in solution. Non-reducing 

sugars do not have a free C1 hydroxy group and cannot undergo this mutarotation process. 
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Common examples of reducing sugars include maltose, and lactose, while sucrose and 

trehalose serve as examples of non-reducing sugars. (Figure 1.4) 

 

 
Figure 1.4. Reducing sugars Lactose and Maltose with the reducing end OH highlighted in 
green, and non-reducing sugars Sucrose and Trehalose highlighting the reducing ends in 

green. 

 

The abundance of hydroxy groups on each monosaccharide unit also gives rise to many 

possible linkage isomers, also called regio-isomers. Figure 1.5 shows an example of two 

isomeric disaccharides (lactose and allolactose) that differ only in the linkage position between 

the respective monosaccharides.  
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Figure 1.5. Glycan regio-isomers 

In addition, the multiple linkage sites available on each monosaccharide building block can 

lead to branched structures, which further increases their isomeric complexity. Furthermore, 

substitutions at the hydroxy groups, such as phosphates, sulfates, and acetates, result in a 

complex array of possible isomeric structures that grows exponentially with glycan size. All 

these types of isomerization make the separation and identification of glycans extremely 

challenging.  

1.3 Glycan nomenclature and structure 

As described above, glycans are composed of monosaccharide units linked together in various 

ways. Throughout this thesis, the Symbolic Nomenclature for Glycans (SNFG) will be used to 

represent their primary structure.38 SNFG is a systematic way of naming glycans that is widely 

used in the glycomics community, as it allows easy comparison and communication of glycan 

structures. The notation uses a combination of shapes, letters and numbers to describe the type 

and position of each monosaccharide and the  glycosidic linkages between them. Each 

monosaccharide unit is represented by a shape for a particular type of monosaccharide, with 

different colors representing different isomers. For example, blue and green circles represent 

the glucose and mannose, respectively, whereas a red triangle represents fucose. The linkage 

between the sugars is represented as a or b followed by a number, indicating the anomericity 

and the position of the glycosidic bond. Table 1 shows the SNFG notation of various 

monosaccharides. 
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Table 1: Symbols Nomenclature for Glycans representation 

There are several different types of glycans, each with their unique structures. Some common 

types include: 

• Human Milk Oligosaccharides (HMOs): Human milk oligosaccharides (HMOs) are 

complex carbohydrates present in human breast milk. They are composed of short 

chains of simple monosaccharides, such as glucose, galactose, and N-acetyl 

glucosamine, and are one of the most abundant components in human milk.39 These 

chains can be decorated by different numbers of fucose and sialic acid residues. Figure 

1.5 shows the generic structure of an HMO molecule. HMOs are not digested or 

absorbed by infants, but instead pass through the gastrointestinal tract and act as 

prebiotics, promoting beneficial gut bacteria growth, such as bifidobacteria and 

lactobacilli.40-42 HMOs also act as a barrier against pathogenic bacteria and viruses that 

can harm infants.43-45 By binding to the receptors of pathogens, they can prevent them 

from adhering to the gut wall, thus reducing the risk of infection. HMOs are currently 

produced in large quantities and incorporated into infant formula to make it emulate the 

properties human milk. 
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Figure 1.5. Generic structure of HMOs indicating possible bond types and fucose/sialic acid 
positions. The GlcNac with a b1-6 linkage induces the possibility of branching. 46 

• N-linked glycans: These are attached to the nitrogen atom of an asparagine residue in 

proteins. N-linked glycans share a common core structure of five monosaccharide units 

as shown in Figure 1.6. This structure can be extended by additional mannose, GlcNac, 

and galactose residues. Like HMOs, they are often decorated by fucose and sialic acid. 

N-glycans are found on almost all secreted and membrane-bound proteins and are 

essential for their proper functioning. They play a role in protein folding and stability 

by helping shield the protein from the environment and providing recognition sites for 

other molecules.47-49 

 

Figure 1.6. Core structure of N-linked glycans.  

• O-linked glycans: O-linked glycans are also found on proteins. Unlike N-glycans, 

which are attached to the amino acid asparagine, O-glycans are connected to the 

hydroxy group of serine or threonine. They play a role in many biological processes, 

such as cell adhesion, migration, and signaling.50-52 O-glycans are also implicated in 

the development of certain diseases, including cancer, and they can be used as tumor 

markers and therapeutic targets.53-56 Figure 1.7 shows the eight main core structures of 

mammalian O-glycans, with cores 1 and 2 being the most abundant. 
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Figure 1.7. Core structures of O-linked glycans 

• Glycosaminoglycans (GAGs): Glycosaminoglycans (GAGs) are long chains of 

repeating disaccharide units found in various tissues throughout the body, including the 

skin, cartilage, and connective tissue. GAGs are highly hydrophilic, which gives them 

their characteristic viscosity and gel-like properties.57 They are often found in the 

extracellular matrix, where they act as lubricants and shock absorbers, helping maintain 

the tissue’s structural integrity.58-60 

Some other less common glycans include S-linked and C-linked glycans. S-linked refers to 

oligosaccharide attachment to the sulfur atom of cysteine, whereas C-linked glycans are those 

where the mannose is covalently attached to a tryptophan residue. It is important to note that 

while these types of glycans are less common, they are still essential to consider when studying 

the functions and potential applications of glycans. Figure 1.8 shows how these different 

classes of glycans are represented using the SNFG notation.  
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Figure 1.8.  Different glycan types represented using SNFG notation 

 

1.4 Thesis overview 

The complexity of glycans makes it challenging for a single analytical technique to fully 

characterize their structure. This thesis work is focused on developing and demonstrating a 

multidimensional approach, combining orthogonal techniques for glycan analysis. We use ion 

mobility spectrometry (IMS) or liquid chromatography (LC) for isomeric separation followed 

by cryogenic infrared (IR) spectroscopy together with mass spectrometry (MS) for 

identification.61-63 Cryogenic IR spectroscopy probes structure-sensitive intramolecular 

interactions and provides a molecular fingerprint that is highly unique and specific to the 

molecule. 

Chapter 2 of this thesis surveys the techniques that are currently used for glycan analysis, some 

of which are incorporated into our multidimensional approach. 

Chapter 3 provides a comprehensive overview of the technology employed in this work. We 

also highlight significant advancements in sensitivity and acquisition speed achieved in the 

latest generation instrument utilized in our experiments.  
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Chapter 4 discusses the challenge of identifying glycans using IMS due to their isomeric 

heterogeneity. We demonstrate the ability of infrared (IR) spectroscopy to distinguish isomers 

from a glycan mixture. To do this, we built a small database of IR spectra and show that even 

when IMS cannot separate isomers, a spectrum can still be used for identification. 

Chapter 5 introduces a novel multiplexing method based on Hadamard transform, which 

enhances the signal-to-noise ratio compared to traditional signal averaging approaches. We 

demonstrate the method's utility for cryogenic ion spectroscopy of peptides and glycan 

mixtures. 

Chapter 6 describes our approach using collision-induced dissociation (CID) to generate ion 

fragments that are separated by IMS and identified using the vibrational fingerprints of a few 

select standards. By identifying these fragments, we can determine the precursor structure and 

incorporate its vibrational fingerprint into our database. We demonstrate how this strategy can 

be used to determine the structure of mobility-separated isomers found in pooled human milk. 

Chapter 7 demonstrates the direct linking of liquid chromatography with cryogenic infrared 

spectroscopy. We show how an IR spectrum can be obtained within the time that an LC peak 

elutes. This shows how IR spectroscopy can be eventually streamlined to becoming a routine 

analysis technique together with liquid chromatography. 
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Chapter 2 Current approaches for glycan analysis 
The first step to understanding the function of glycans is to identify their primary structure. 

Various analytical approaches have been used to deal with their inherent isomeric complexity. 

The main focus of this thesis is on techniques used for determining the primary structure of 

released glycans – that is,  those cleaved from proteins and lipids (glycoconjugates)  or free 

glycans such as found in human milk. In this chapter, we first explain methods for releasing 

glycans from proteins before surveying the experimental approaches currently used for glycan 

analysis. 

2.1 Glycan release from proteins 

There are two main strategies for releasing bound glycans: enzymatic and chemical. Enzymatic 

release of glycans is a critical step in glycomic analysis, as it provides specific and complete 

sugar removal under mild conditions. The most common method for N-glycan release is 

peptide-N-glycosidase F (PNGase F), which results in the full release of N-glycans from 

glycoproteins or glycopeptides in complex mixtures. Other enzymes, such as PNGase A and 

PNGase H+, are available with varying levels of specificity and efficiency. Endoglycosidases, 

enzymes that cleave between the two GlcNac units, are also available with specificity for 

different types of glycans, including high-mannose, complex, and hybrid N-glycans (Fig. 1.2).1, 

2 Enzymatic release of O-glycans is more challenging, due to the diversity of core structures 

and the lack of enzymes with broad substrate specificity. Thus, for these glycans, chemical 

release is more suitable. This involves using various methods, such as reductive β-elimination, 

nonreductive β-elimination, and hydrazinolysis.3-5 These methods can result in the release of 

N- and O-glycans for subsequent labeling or analysis using MS-based methods. However, 

chemical release methods often cause peeling of the released glycans, resulting in altered 

compositions and poor reproducibility. Chemical release can also introduce degradation of the 

polypeptide chain, making it impossible to analyze the deglycosylated proteins for 

glycoproteomic study. A recent approach called oxidative release of natural glycans (ORNG) 

has been reported to liberate all types of glycans from glycoproteins and glycosphingolipids.6 
Released and free glycan samples from mammalian systems are often in a matrix consisting 

mainly of proteins, peptides, and lipids. The most widely used glycan isolation and purification 
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method is solid phase exchange (SPE), specifically C18-SPE and porous graphitic carbon 

(PGC)-SPE cartridges. The C18 cartridge is mainly used because of its ability to retain non-

polar molecules such as proteins and peptides, allowing their separation from glycans. After 

removing the proteins, a glycan sample can be cleaned using a PGC cartridge, which removes 

all the salts and small molecules that may have been introduced from the modifications or 

cleavage chemistry applied to the sample. 7 

2.2 Glycan separation methods 

The similarity and complexity of isomeric glycan structures often impede one’s ability to 

discriminate and identify them. This complexity can be reduced by using a method that can 

separate isomers before identifying them. The most widely used separation techniques are 

liquid chromatography (LC), capillary electrophoresis (CE), and ion mobility spectrometry 

(IMS).  

2.2.1 Liquid chromatography 
Liquid chromatography (LC) is a powerful analytical technique that is used to separate, 
identify, and quantify chemical compounds in complex mixtures. It is based on separating 
analytes carried in a mobile liquid phase through their difference in interaction with a stationary 
phase, based on their chemical and physical properties such as size, shape, polarity, or charge.8, 

9 The stationary phase is typically a solid material, such as silica or alumina, packed into a 
column. The mobile phase is a single solvent or a mixture of solvents. As the sample passes 
through the column, the components of the sample are separated and identified by the time it 
takes for them to elute, allowing for the selective isolation and purification of individual 
components of a complex mixture.10 

The three main chromatographic methods used for glycan analysis are Hydrophilic Interaction 

Liquid Interaction Chromatography (HILIC), Reversed Phase Liquid Chromatography 

(RPLC), and Porous Graphitized Carbon Chromatography (PGC).11 

• Hydrophilic Interaction Liquid Interaction Chromatography 12 

Hydrophilic Interaction Liquid Chromatography (HILIC) excels in analyzing complex glycan 

samples due to its ability to separate hydrophilic compounds. Recent advancements in HILIC 

materials, such as amide-based stationary phases, have increased selectivity for sialylated 

glycopeptides and retention of neutral ones, boosting its overall efficiency. Derivatization of 

glycans with 2-aminobenzoic acid (2-AA)/2-aminobenzamide (2-AB) or 8-aminonaphthalene-
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1,3,6-trisulfonic acid (ANTS) is typically employed to enhance their detectability and improve 

their retention behavior in the HILIC column. 

• Reversed Phase Liquid Chromatography (RPLC)13 

Reversed-Phase Liquid Chromatography (RPLC) has limited selectivity for glycans due to 

interactions with the aromatic label, requiring shallow gradients and resulting in low peak 

capacity. However, its grouping ability and compatibility with UHPLC materials make it 

suitable for quality control, particularly for determining galactosylation, sialylation, 

fucosylation, and mannosylation in mAb glycan samples. RPLC is robust, reproducible, and 

versatile, with no restrictions on aqueous sample injection volume. Compatibility with mass 

spectrometry is improved by using a weaker organic buffer, while derivatization is often 

needed for glycan analysis, similar to HILIC. 

• Porous Graphitized Carbon Chromatography (PGC)11 

Porous Graphitized Carbon (PGC) chromatography offers higher resolution for glycan isomers 

compared to HILIC, but its separation mechanism remains unclear, hindering the prediction of 

glycan retention times using in silico models. PGC's mixed retention properties involve 

hydrophobic, polar, and ionic interactions, providing increased selectivity for sialylated 

glycans and superior peak capacity with steeper gradients. It's valuable for high-resolution 

separation of glycan structures and discovering novel ones. However, limited implementation 

is due to the lack of established retention values for normalizing technical variation. PGC is a 

versatile tool for various applications, including glycan analysis, metabolomics, and 

proteomics. 

2.2.2 Capillary electrophoresis 
Capillary electrophoresis (CE) is an analytical separation technique often paired with mass 

spectrometry (MS) for glycan analysis. 14 CE separates glycans based on charge and size within 

a capillary tube and has three main types: capillary zone electrophoresis (CZE), capillary gel 

electrophoresis (CGE), and capillary isoelectric focusing (CIEF).15-17 The main separation 

mechanisms in CE are electroosmotic flow (EOF) and electrophoretic mobility, where 

electrophoretic mobility depends on the volume-to-charge ratio of the analytes, and EOF is the 

flow of the background electrolyte from the anode to the cathode. The separations are achieved 

through the superposition of these two phenomena. Carbohydrate separations can be 

challenging, due to their generally uncharged nature and lack of a chromophore, but labeling 
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with a fluorophore overcomes these limitations. When combined with MS, CE offers valuable 

insights into glycan structure. 

2.2.3 Ion mobility spectrometry (IMS) 
Ion mobility spectrometry (IMS) is an analytical technique used for the separation, 

identification, and quantification of ions in the gas phase. It is a widely used method in fields 

such as environmental monitoring, forensic analysis, and detection of hazardous substances. 

The principle of ion mobility spectrometry is based on the differential movement of ions in a 

gas under the influence of an electric field.18 

One way to classify mobility measurement approaches is based on how ions are physically 

separated - either in time or in space. Time-dispersive techniques separate ions based on the 

time they spend in the mobility analyzer. Two examples of this are drift tube IMS (DTIMS) 

and traveling wave IMS (TWIMS). On the other hand, spatially dispersive approaches give 

ions different trajectories based on their mobility and are often used as filters. An example of 

this is field-asymmetric waveform IMS.19 Trapped ion mobility spectrometry separates ions 

spatially in a trapping region, then releases them based on their mobility.20 

The collisional cross section (CCS) is an important parameter in IMS, as it is often used as a 

means of identification. The CCS of an ion is a measure of its size and shape and represents 

the effective area that the ion presents to a gas molecule during a collision, expressed in units 

of Å². Calibration of different IMS instruments is performed by measuring the drift times or 

arrival times of reference standards of known size and shape. The accurate determination of 

CCS values is critical for the interpretation and comparison of IMS data and its use as an 

analytical technique. The measurement and calculation of CCS values is an active area of 

research, and thus various experimental and theoretical methods have been developed for this 

purpose.21, 22 

The technique that is best suited to determining collision cross sections is DTIMS. In DTIMS, 

the mobility (𝐾) of an ion is defined as the ratio of the ion's drift velocity (𝜈!) to the electric 

field strength (𝐸) applied to the traveling ions.  

𝐾 = "!
#

                                                  Equation 2.1 

The mobility is usually expressed in units of cm2 V-1 s-1 . To more uniformly represent the 

mobility across different DTIMS instruments under different conditions, the reduced mobility 
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(𝐾$) is typically used. It is defined as the mobility of an ion under standard conditions of 

temperature (T) and pressure (P), usually at 1 atm and 25°C.  

𝐾$ =
%
%"

&"
&
𝐾                                             Equation 2.2 

The measured mobility is then converted into a CCS using the Mason-Schamp equation: 

Ω = '
()*

& +,
-.#&

'
$
% /0
1"
			                                   Equation 2.3 

where N is the buffer gas density, ze is the charge of the ion, μ is the reduced mass of the ion 

and buffer gas collision, and 𝑘2 is the Boltzmann constant. Collisional cross sections are 

tabulated in databases and used to identify compounds.  

In the following I introduce the general workings of some of the most widely used IMS 

techniques: 

1. Drift tube ion mobility spectrometry (DTIMS) 23-25 

In DTIMS, a packet of ions are introduced into a drift tube filled with a stationary buffer 

gas and subjected to a weak uniform electric field. The electric field causes ions to 

experience a net drift velocity that is proportional to their mobility, allowing ions with 

different mobilities to be separated. The drift velocity (𝜈!) required for the mobility 

calculation, and subsequently CCS calculation, is defined as the quotient of the length of 

the drift tube (l) and the time it takes the ions to traverse this length (td, drift time). This 

measurement of detected ions versus time gives an arrival time distribution (ATD). (Figure 

2.1) 

The primary benefit of utilizing DTIMS lies in its intrinsic operational properties-

specifically, the implementation of a uniform electric field and a relatively uncomplicated 

calibration protocol. These attributes enhance its ability to generate precise CCS values. 

Nevertheless, since the resolving power is proportional to the square root of the drift length, 

achieving higher resolution using DTIMS presents certain challenges, necessitating the 

exploration of alternative strategies for resolution enhancement.  



 

 32 

 

Figure 2.1. Schematic representation of the DTIMS platform.  

2. Traveling wave ion mobility spectrometry (TWIMS)  

In TWIMS, ions are introduced into a drift region filled with a buffer gas and subjected to 

a series of high-frequency, low-amplitude traveling waves that traverse the length of the 

drift region.26, 27 These waves are created using a set of DC and RF voltages that confine 

and push the ions along a set path. The mode of separation here is also based on collisions 

with the buffer gas, where ions with smaller CCS encounter fewer collisions and can thus 

ride the wave, whereas ions with larger CCS experience more collisions, thus impeding 

their travel, causing them to 'roll over' the waves, and consequently, extending their drift 

time to the detector. (Figure 2.2) 

Obtaining CCS values using TWIMS experiments is not as straightforward as in DTIMS. 

This is primarily because the trajectories ions take while riding the travelling wave are 

difficult to predict. Consequently, CCS determination necessitates the calibration of the 

instrument utilizing molecules of known mobility, preferably belonging to a class of 

molecules analogous to those being analyzed.  

The ability to induce directional changes of ions through the traveling wave allows for ions 

to be manipulated along drift lengths that can go from centimeters to hundreds of meters 

with minimal ion loss, greatly increasing the resolving power. There are two main 

technologies that utilize this approach to develop ultrahigh resolution IMS devices.  

Waters Corporation has developed a commercial cyclic IMS device (cIMS) that is based 

on TWIMS and can achieve long path lengths by having ions go around a circular electrode 

setup.28 Smith and coworkers at Pacific Northwest National Laboratory (PNNL) developed 
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a device called structures for lossless ion manipulation (SLIM), also based on TWIMS, 

which make ions follow a serpentine path. 29, 30 Since the work undertaken in this thesis 

uses a home-built SLIM instrument for glycan separation, a more detailed description of 

SLIM devices is provided in the following chapter. 

 

Figure 2.2. Schematic representation of the TWIMS platform.  

3. Trapped ion mobility spectrometry (TIMS)  

In TIMS, ions are introduced into a device with a series of electrodes that trap the ions in a 

confined space through a combination of RF potentials in the radial direction and a DC 

voltage ramp in the axial direction along which separation occurs. As opposed to DTIMS 

and TWIMS where the buffer gas is stationary, in TIMS, a gas flow propels the ions in the 

opposite direction to the DC electric field ramp, separating them in space along the axial 

direction. The ions are then released by lowering the height of the ramp, as shown 

schematically in in Figure 2.3.20, 31 Similar to TWIMS, the extraction of CCS values from 

TIMS requires the use of a calibrant. 

 

Figure 2.3. Schematic representation of the TIMS platform.  
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4. High-field asymmetric waveform ion mobility spectrometry (FAIMS)  

In FAIMS, illustrated in Figure 2.4, ions are introduced into a gas-filled chamber kept close 

to atmospheric pressure with a non-uniform electric field that oscillates between opposite 

polarities of different amplitude. The electric field causes ions to undergo a transverse 

velocity that is proportional to their difference in mobility between high and low fields, 

allowing them to be separated based on their different trajectories through the chamber, as 

shown in Figure 2.4(a).32, 33 A compensation voltage (CV) is then overlaid onto the 

oscillating asymmetric waveform. Depending on the CV, the trajectory of only certain ions 

will permit their release while eliminating others.(Figure 2.4 (b)). Since FAIMS operates 

at high electric fields compared to other mobility methods, a CCS cannot be obtained. Thus, 

this technique is used primarily as ion filter. 

 

Figure 2.4. (a) Schematic representation of the FAIMS platform. (b) graph representing 
how molecules are released as a function of compensation voltage (CV) applied. 
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The potential of IMS in biomolecular analysis has been accelerated by the development of 

ultrahigh-resolution devices that allow the separation of isomeric species. However, the CCS 

is not an intrinsic property of an ion but is dependent on the drift gas used as well as the 

conditions of the experiment. While the increase in resolution allows the separation of isomers 

with only a slight difference in mobility, identification of complex molecules based upon a 

single number (i.e., the CCS) can be problematic.  Moreover, even when high resolution IMS 

techniques can be calibrated with molecules of known CCS, the ability to calculate the CCS to 

the same resolution is beyond current computational capabilities. For this reason, in our 

experiments we use high-resolution IMS only as a separation tool and not an identification 

method. 

2.3 Glycan identification 

While the separation techniques described above are also used in many cases to identify 

glycans , combining these separation methods with spectrometric or spectroscopic methods can 

provide a much more powerful means of glycan identification.  We briefly describe here several 

such methods that can be used for glycan identification either alone or in combination with 

separation techniques. 

2.3.1 Nuclear magnetic resonance (NMR) 
Nuclear magnetic resonance (NMR) is a powerful technique for glycan structural 

characterization.34 The assignment of 1H- and 13C-NMR spectra is necessary for complete 

structural elucidation of a glycan. This is achieved by combining two-dimensional NMR 

methods that allow for the assignment of individual 1H signals of monosaccharide residues, 

such as correlation spectroscopy (COSY) and total correlation spectroscopy (TOCSY).35, 36 

Afterward, the assignment of the 13C spectrum can be extended using heteronuclear single-

quantum coherence (HSQC) techniques.37 Two-dimensional heteronuclear multiple-bond 

correlation (HMBC) experiments, which find connections between the proton on the anomeric 

carbon and the carbon atom on the other side of the glycosidic linkage, is crucial for 

sequencing.38 NMR experiments are performed on samples in the liquid phase and is non-

destructive. However, large quantities of pure glycan samples are often required for NMR 

identification. Since these quantities are often unavailable, more sensitive (gas-phase) methods 

are usually preferred. 
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2.3.2 Mass spectrometry 
The most sensitive and widely used approach for glycan analysis is mass spectrometry (MS). 

The first step in glycan analysis by MS is to ionize the molecules. Electrospray ionization (ESI) 

and matrix assisted laser desorption/ionization (MALDI) are the most frequently used 

ionization techniques for oligosaccharides.39, 40 Compared to earlier techniques for ionizing 

carbohydrates, such as electron impact ionization or fast atom bombardment, they apply little 

energy to the sample, leading to less fragmentation during the ionization process. Depending 

on the sample, ions can be produced in either a positive or negative ion mode. Negative ion 

mode facilitates the analysis of oligosaccharides with acidic groups (sulfate, carboxylate, or 

phosphate). For native oligosaccharides, both ionization modes are typically utilized. 

To produce ions by MALDI, the sample is dried on a metal target while surrounded by a 

chromophoric matrix, causing matrix crystals to form that contain trapped sample molecules. 

The dry mixture patch is then exposed to an ultraviolet or infrared laser pulse, and the matrix 

absorbs part of the energy and transmits it to the analyte, which ionizes.41, 42 With ESI, analyte 

ions are produced at atmospheric pressure by passing a solution through a needle directed 

towards a nearby capillary, at a voltage of 1-4 kV. The potential difference between the 

capillary and the tip produces finely charged droplets.43 When the ions are sucked into the mass 

spectrometer, heated drying gas evaporates the solvent from the ions. Using this technique, and 

depending on the solution conditions, both positive and negative ions can be produced. ESI 

works well with online liquid flow separation techniques like liquid chromatography (LC) or 

capillary electrophoresis (CE).44, 45 With nanoelectrospray (nESI), the smaller droplets 

produced increases sensitivity and demonstrates increased tolerance to salts and other 

contaminants.46, 47  

After ionization, single stage mass spectrometry (MS) can identify the number of the various 

types of monosaccharides through an accurate mass measurement. However, it remains blind 

to structural details such as the specific monosaccharide composition, sequence, branching, 

and stereochemistry. It is possible to gain more information through multistage MS (i.e., MSn). 

Here, ions are mass selected in a first stage, after which they undergo activation and 

dissociation, followed by mass analysis of fragments. These fragments can act as a fingerprint, 

often containing information about the monosaccharide linkage, sequence, and other possible 

modifications. Many methods have been employed for fragmenting glycans, the most widely 

used of which is collisional induced dissociation (CID).48  
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In CID, the molecule is activated through the collisions with an inert buffer gas, usually 

nitrogen or argon. When an ion is collisionally activated in a CID process, the energy 

transferred is distributed among the various vibrational degrees of freedom of the molecule, 

leading to fragmentation. (Figure 2.5) 

The two main types of CID can be distinguished.  

1. High-energy CID.  In this case, ions are accelerated to high translational energy and 

activated by a single collision. The substantial energy transferred in high-energy CID 

can allow the molecule to overcome multiple energy barriers on the PES, leading to 

broad range of fragment ions.  

2. Low-energy CID: In this approach, molecules are activated by multiple lower energy 

collisions. In this case, the energy tends to be statistically distributed among the internal 

vibrational modes of the ions, leading to dissociation via the lowest energy pathway. 

 

Figure 2.5: Schematic representing the mechanism of the collisional activation of a molecule 
by low-energy and high-energy CID.  

The specific fragmentation pathway during a collision-induced dissociation (CID) process 

depends upon the molecule's potential energy surface (PES), the excitation energy, and the 

redistribution of internal energy among its various degrees of freedom.  

In a mass spectrometer, the collision energy is predominantly determined by the precursor ion's 

translational energy prior to the collision, which depends upon the ion acceleration voltage and 
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the distance it can be accelerated before having a collision. The ion's mean free path (𝜆), or the 

average distance travelled between collisions with a gas molecule, thus plays a significant role 

in the fragmentation process. 

The mean free path (𝜆) of an ion is given by:  

𝜆 = 	 .&&
√+,!%*'%

                                Equation 2.4 

where kB is the Boltzmann constant, 𝑇 is the temperature of the gas, d is the diameter of the 

molecule, 𝑁A is Avogadro’s number, and 𝑃 is the pressure of the buffer gas in the collision 

cell. 

When an ion of charge q is accelerated through a potential difference, the kinetic energy gained 

by the ion is given by the equation: 

𝐸 = |𝑞𝑉|                                               Equation 2.5  

The  energy E in electron volts (eV) is equal to the potential difference V (in volts) if the charge 

q is a single charge (negative or positive). 

In a disaccharide molecule, the activation energy requisite for the cleavage of the glycosidic 

bond is around 59.7 kcal/mol,49 or equivalently 2.6 electron volts (eV). Consequently, for the 

disaccharide to undergo fragmentation, the ion must be supplied with a minimum of 2.6 eV 

energy to overcome this activation barrier. This energy is delivered by modulating the 

parameters of the collision cell, specifically pressure and voltage acceleration. 

As will be detailed in Chapter 3, the region of our instrument employed for CID maintains an 

average pressure of 3 mbar and applies an accelerating voltage of approximately 250 V across 

a grid separation of 0.8 mm. This results in an accelerating electric field of ~ 310 V/mm, which 

corresponds to a collisional energy of 0.3 eV. 

Considering a disaccharide ion with a diameter (d) of 2 nm, its mean free path, as calculated 

from equation 2.4, is approximately 1 μm. Therefore, to accumulate the necessary 2.6 eV to 

cleave the glycosidic bond, multiple collisions are required, which puts it in the category of 

low-energy CID. High-energy CID conditions can be achieved by lowering the pressure to 

lengthen the mean free path.  
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CID of glycans typically cleaves the weakest bonds, which are the glycosidic bonds that link 

monosaccharides together. As a result, the fragmentation primarily yields smaller saccharide 

subunits. In this identification procedure, the mass-to-charge ratio of both the precursor 

molecule and the derived fragments aids in elucidating the structure and sequence of the glycan 

under study. 

Depending on the molecule’s charge state, CID can sometimes lead to rearrangement of the 

monosaccharide sequence. For example, in the protonated charge state, fragments formed by 

CID can undergo fucose migration. leading to a wrong assignment of the precursor structure.50 

However, this rearrangement is avoided if the glycan ions are formed with metal adducts. 

Collision-induced dissociation of positive and negative ions can lead to different fragmentation 

pathways that can complement and enhance structural assignment. 

To obtain more detailed information about structural branching and residue connectivity, more 

energetic fragmentation methods that cause cross-ring fragmentation are typically be used. This 

can be achieved using electron based methods, such as electron capture dissociation (ECD),51 

or through photodissociation methods, such as ultraviolet photodissociation (UVPD).52 ECD 

is performed by directing multiply charged ions into a trap where they are subjected to low 

energy electrons. Capturing an electron promotes them to a highly excited electronic state, 

leading to rapid dissociation, often including cross-ring fragments that can hold information 

about the molecule’s connectivity and stereochemistry. Similarly, cross ring fragmentation can 

be achieved using UVPD, since the higher energy imparted to the precursor molecule can lead 

to the breaking of multiple chemical bonds. 

Since many monosaccharide units just differ by the orientation of the hydroxy groups (Fig. 

1.3), fragmentation approaches, even (MSn), have difficulty distinguishing subtly different 

isomers.  

Liquid chromatography (LC) combined with tandem mass spectrometry (LC-MSn) is the most 

widely used method for glycan analysis. The LC dimension allows the separation of isomeric 

species and provides a retention time metric that can aid in identification before analysis is 

performed in by MS. However, most LC-based separation methods require that the glycan be 

derivatized before analysis.53 
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2.3.3 Vibrational spectroscopy 
The basis of vibrational spectroscopy lies in the quantum mechanical nature of molecules. The 

fact that molecular vibrations occur at specific resonant frequencies reflects the quantization of 

the vibrational energy, and these frequencies are determined by the shape of the molecule's 

potential energy surface. The collection of resonant frequencies comprises a vibrational 

spectrum, which can serve as a unique molecular fingerprint that reflects functional groups 

present in a molecule, their interactions, and their arrangements in space.  

The nature of the spectrum can be strongly influenced by the environment in which it is 

measured. In solution phase spectroscopy, the molecules of interest are dissolved in a suitable 

solvent, but interactions with the solvent often leads to line shifts and broadening.  This reduces 

the resolution achievable, which can wash out the uniqueness of a spectrum and its ability to 

serve as a molecular fingerprint. On the other hand, vibrational spectra of isolated molecules 

in the gaseous state are free from these types of broadening mechanisms and thus can serve as 

a robust molecular identifier. As discussed below, the resolution is even further increased if the 

analyte molecules are cooled to low temperature, as this removes thermal broadening of 

vibrational transitions.  

When a molecule absorbs a photon at its resonant frequency, it is excited from a lower 

vibrational energy level to a higher one, and there are different ways to detect this absorption 

event and generate a spectrum. One approach is to measure the amount of light directly 

absorbed by a sample at different frequencies. This method often requires a significant 

concentration of the species of interest. For this reason, it is not possible to perform direct 

absorption spectroscopy for gas-phase ions, for example, where the density is extremely low. 

In this case, one uses indirect methods to detect the absorption in which the effect of light 

absorption on some physical or chemical property (i.e., the action) rather than the absorption 

itself. The action can be various things, such as fluorescence or dissociation. Because one only 

detects signals from the absorbing molecules, it has much higher sensitivity than direction 

absorption methods.  

Infrared Multiphoton Dissociation (IRMPD) is a dissociation action spectroscopy technique 

that can be used in mass spectrometry for the fragmentation and structural characterization of 

glycans.54-58 In IRMPD, when an IR photon has a frequency resonant with a molecular 

vibrational transition, it is absorbed. This absorption is thought to be an incoherent process,59 

where the energy gained is quickly dissipated into the vibrational degrees of freedom of the 
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molecule via intramolecular vibrational energy redistribution (IVR).60 Figure 2.6 illustrates this 

process where each sequential absorption of a photon increases the internal energy of the 

molecule,  until reaching a certain energy threshold where fragmentation occurs. It should be 

noted that the energy is stored in the bath of vibrational degrees of freedom of the molecule, 

which means that the photons absorbed effectively lead to a heating of the ions.61  

Instead of following a sequential, "ladder-climbing" process (i.e., v0 → v1 → v2 →…), the 

problem of anharmonicity bottleneck is circumvented due to IVR. However, at increased 

internal energies, the normal modes lose their complete orthogonality, introducing cross-

anharmonicities. Although the bands undergo a less severe red-shift, they still move out of 

resonance with the laser frequency. This shift, however, is mitigated by a considerable increase 

in the density of states related to the internal energy, resulting in the broadening of the 

absorption lines. As the internal energy increases further, a quasi-continuum state is reached, 

where the absorption cross-section becomes significant across all wavelengths. 

 

Figure 2.6. Infrared multiple-photon dissociation (IRMPD) mechanism. The internal energy 
of the molecule increases with the sequential absorption of multiple photons through the IVR 

process. Once the dissociation threshold is exceeded, the ion undergoes dissociation. The 
broadening of the v1 linewidth shows the increase in the density of states. 

Although the fragmentation itself can provide information on glycan structures, a vibrational 

spectrum of an ion can also be obtained by monitoring the formation of fragments as a function 

of IR laser wavenumber. This spectrum is highly unique and characteristic of the precursor 



 

 42 

molecule. Using this technique, Compagnon et al., showed that monosaccharides produced 

from fragmenting disaccharides retain the stereochemistry of glycosidic bond.62 

With increasing oligosaccharide size, IRMPD spectra become too congested due to the 

inhomogeneous broadening of the spectral lines at room temperature. The increasing molecule 

size often also leads to the existence of multiple conformations, which adds to the complexity 

of the spectrum obtained.  

Cryogenic spectroscopy techniques can eliminate many of these issues, as at lower 

temperatures, inhomogeneous broadening is mostly eliminated, since the population of higher 

vibrational states decreases. As a result, the absorption bands become sharper and more highly 

resolved, which makes them a better molecular identifier. 

One method to perform cryogenic spectroscopy for glycan analysis is to embed them in 

superfluid liquid helium droplets, which can encapsulate a wide range of molecules and ions.63 

Helium droplets are generated by allowing high-pressure helium to expand into a vacuum via 

a tiny, cooled nozzle. Once in vacuum, the helium droplets reach a temperature of 0.38 K 

achieved through evaporative cooling. These droplets can then traverse an ion trap containing 

biomolecules. As they do so, they capture these ions and bring them to a temperature of 0.38 

K, utilizing the same principle of evaporative cooling. The encapsulated ions can then be 

probed using IR radiation. Absorption of an IR photon leads to ion ejection from the droplet.64 

The IR spectrum is recorded as the number of ions ejected from the helium droplet as a function 

of IR wavenumber. Pagel and coworkers have combined MS and ultra-cold IR spectroscopy in 

helium droplets to obtain well-resolved spectra for identifying oligosaccharides. 65, 66 

Another method for action spectroscopy of ions is to use messenger tagging. This is done by 

first cooling ions of interest until a neutral gas molecule weakly binds to them. This weakly 

bound messenger molecule then detaches when an IR photon is absorbed, and all this can be 

detected in the mass spectrometer. This is the approach used in this thesis, and thus a more 

detailed explanation will be given in the following chapter.  

2.3.4 Hybrid approaches 
Mass spectrometry (MS) is the primary technique used in glycan research; however, it falls 

short of complete structural elucidation. This gap is filled by a range of hybrid MS techniques, 

which offer a comprehensive characterization of carbohydrates. By integrating MS with 
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separation procedures, ionization efficiency is significantly improved, and mass spectra are 

simplified – an imperative for examining complex mixtures.  

2.3.4.1 LC-MS 

Liquid chromatography (LC) combined with tandem mass spectrometry (LC-MSn) is the most 

widely used method for glycan analysis. The LC dimension allows the separation of isomeric 

species and provides a retention time metric that can aid in identification before analysis is 

performed in the MS. However, most LC-based separation methods require that the glycan be 

derivatized before analysis.53  

2.3.4.2 IMS-MS 

Multidimensional platforms that combine IMS with MS further enrich glycan analysis.67-69 In 

recent years, ion mobility spectrometry (IMS) has rapidly been acknowledged as a robust 

analytical tool capable of distinguishing numerous glycan isomers within milliseconds. IMS-

MS enables the identification of isomeric structures by utilizing both the ion mobility-derived 

CCS and tandem-MS measurements of mass-to-charge ratios. Nevertheless, this technique still 

faces challenges when it comes to analyzing isomers that exhibit only slight differences in their 

CCS values. 

2.3.4.3 Combining LC-MS and gas phase IR spectroscopy  

The combination of LC-MS with gas-phase infrared (IR) spectroscopy is a powerful analytical 

tool that allows for simultaneous identification and quantification of complex mixtures. 

However, direct coupling of these two techniques can be challenging due to the vast difference 

in the time required for each technique. While a typical LC peak has a width of seconds as it 

elutes, acquiring high-quality IR spectra has traditionally required tens of minutes. Multiple 

methods have been employed to address this issue. 

Compagnon and coworkers have utilized a stop-flow technique to perform spectroscopy of 

analytes as they elute from an LC column.70 This approach involves temporarily halting the 

flow of the mobile phase during the LC separation process when a peak of interest is detected. 

By stopping the flow, the target analyte is held in the column, allowing sufficient time for gas-

phase IR spectroscopy analysis. The analyte from the liquid phase is transferred to the gas 
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phase using electrospray ionization. These ions are introduced into the gas phase IR 

spectrometer for the analysis of their molecular structure and composition. 

Oomens and coworkers devised an approach that incorporates flow injection with gas-phase 

IR spectroscopy and mass spectrometry for analyzing compounds eluting from a liquid 

chromatograph.71 This method involves the automated collection of fractions of eluted analytes 

at specific time intervals or peak regions. The collected LC fractions are introduced into the 

flow injection system consisting of a syringe pump, a sample loop, and a connecting tube that 

transports the sample to the ionization source. The generated ions are then subjected to gas-

phase infrared spectroscopy, allowing for the acquisition of vibrational spectra providing 

detailed structural information about the analyte, such as functional groups and molecular 

conformation. 

The fusion of LC and gas-phase IR spectroscopy offers numerous advantages, including 

enhanced sensitivity, selectivity, and structural characterization. The technique allows for the 

simultaneous identification and quantification of complex mixtures, enabling a deeper 

understanding of molecular composition and effective differentiation between isomers and 

structurally similar compounds. The successful online coupling of these techniques can have a 

significant analytical impact as LC is traditionally the most widely used analytical technique. 

However, the approach also presents challenges, such as developing a suitable interface for 

efficient analyte transfer, and the ability to process complex mixtures with diverse polarities 

and volatilities. 

2.4 The approach of this thesis 

The complexity of glycans makes it challenging for a single analytical technique to fully 

characterize their structure. To overcome this limitation, we employ a multidimensional 

approach, combining high-resolution separation techniques with spectroscopic identification 

for glycan analysis. We use IMS or LC to separate isomers and cryogenic infrared (IR) 

spectroscopy together with mass spectrometry for identification.72-74 IR spectroscopy probes 

structure-sensitive intramolecular interactions and provides a molecular fingerprint that is 

highly unique and specific to the molecule. 

In the following chapter, we provide a detailed description of the techniques that we employ in 

our multidimensional approach. 
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Chapter 3 Experimental approach 
In this chapter, we present an overview of the different experimental techniques used in this 
work. We first focus on some the major technologies that we employ: liquid chromatography, 
high-resolution ion mobility, and cryogenic IR spectroscopy. We then describe the instruments 
into which we incorporate these techniques and use for the experiments described in this thesis. 

 

3.1 Liquid chromatography  
All our LC work is performed on an AQUITY UPLC H-Class Plus system (Waters).  

 

Figure 3.1. AQUITY UPLC H-Class Plus System 

We employ porous graphitized carbon (PGC) as the stationary phase, as it is known for its high 
efficiency in separating polar compounds, especially oligosaccharides.1 PGC is a conductive 
crystalline material made of intertwined graphite ribbons. The graphitized sheets are made of 
sp2 hybridized carbon atoms arranged in a hexagonal pattern, bonded together by covalent 
bonds. These sheets are held together by van der Waals forces, providing PGC with mechanical 
stability.2 Figure 3.2(a,b) shows high-resolution electron micrographs of the amorphous carbon 

formed when carbon is heated at 1000°C and the graphitization that occurs after heating at 

2340°C to obtain PGC. Unlike three-dimensional graphite, the layers in PGC are not aligned 

in a regular manner, making it a "two-dimensional" form of graphite as shown in Figure 3.2 
(c).3  

PGC is a highly effective stationary phase for analyzing and separating complex mixtures due 
to its unique retention and selectivity properties. The retention mechanisms in PGC 
chromatography are multifaceted and involve a combination of different interactions which are 
dispersive, electronic, and steric.4 Dispersive interactions are similar to those observed in 
reversed phase chromatography and are heavily influenced by the mobile phase strength and 



 

 54 

the properties of the analyte. This interaction mode includes solvent-solute interactions that can 
be dipole-dipole, hydrogen bonding, hydrophobic-hydrophilic repulsion interactions, and 
solvent and solute dispersive forces with graphite.4-6  

 

Figure 3.2. (a) Amorphous carbon obtained at 1000°C, (b) PGC obtained after graphitization 
at 2340°C (c) Warren structure of two-dimensional turbostratic graphite with no layer 

registration (PGC).3 

Electronic interactions between polarizable groups of the analyte and the surface of graphite, 
known as the polar retention effect on graphite (PREG), are not as well understood but are 
thought to stem from some form of charge induction or electron lone pair donating/accepting 
interactions with the π-cloud of graphite.7-10 This effect can be significant if there is π-π overlap 
due to the unsaturation or aromaticity of the analyte. The stereochemistry of the analyte and 
the location of the polar functional groups with respect to the graphitic plane also play an 
important role in electronic interactions. 

Finally, steric interactions are also essential and involve the size and shape of the analyte.11 
Thus, increased surface area contact of the analyte with the surface of graphite results in longer 
retention times. This trait becomes especially noticeable with aromatic compounds, where π-π 
overlap is significant. By considering these different modes of PGC interactions, it is possible 
to optimize the separation and analysis of complex mixtures. 

For this work, the advantage of using PGC is its high efficiency at separating isomeric glycans, 
which can be challenging to achieve with other stationary phases. Additionally, PGC can be 
used with various mobile phase systems, including polar organic solvents and ammonium 
acetate buffers, making it a versatile stationary phase that is compatible with electrospray 
sources on mass spectrometers. 

However, the use of PGC for glycan analysis also has some limitations. One is that PGC is 
prone to oxidation, which can lead to increased baseline noise and reduced column lifetime. 
Another is that optimizing the mobile phase for specific glycan structures can be difficult, as 
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different glycans can have other retention mechanisms on the PGC stationary phase. 
Furthermore, the porous structure of PGC can lead to sample adsorption, resulting in lower 
recovery of glycans. 

In Chapter 7 we describe in more detail the coupling of our UPLC system to our home built 
instrument. 

 

3.2 Ion mobility using structures for lossless ion manipulations (SLIM) 

Among the various types of ion mobility spectrometry mentioned in the previous chapter, the 
one that has demonstrated the highest resolving power is called structures for lossless ion 
manipulations (SLIM) developed by Smith and coworkers.12, 13 SLIM is a traveling-wave ion 
mobility technique that uses two mirrored printed circuit boards (PCBs) to create a path for ion 
separation. As shown in Figure 3.3(a), a SLIM module has three types of electrodes: DC guard 
electrodes, radio frequency (RF) electrodes, and traveling-wave (TW) electrodes. Both PCBs 
of the mirrored pair consists of 6 RF and 5 TW tracks, all surrounded by 2 DC guard electrodes 
(Figure 3.3(a)). Guard electrodes confine ions laterally (x-axis), while RF electrodes confine 
them between the planar surfaces (y-axis). Traveling-wave electrodes apply DC potentials in a 
sequence to produce a square wave, driving ion motion and enabling mobility separation of 
molecules along the z-axis. The travelling-wave is applied on a series of 8 repeating electrodes 
across the entire SLIM length, 4 of which are set to high potential while the other four are set 
to low potential, forming a repeating square wave. For the wave to propagate, the first high 
potential electrode is set to low potential, the first low potential electrode is set to high, as 
shown in Figure 3.3(b). This happens consecutively, producing a traveling square wave 
potential that pushes the ions through the separation path.  
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Figure 3.3. (a) Schematic of the basic unit of SLIM; (b) how the traveling wave is made to 
propagate. 

Smith and coworkers demonstrated the potential of SLIM tracks to maneuver ions around 90-
degree turns,12-14 as shown in Figure 3.4(a), enabling the creation of serpentine paths that 
extend the total separation length within a moderately sized device. For instance, a 13-meter 
separation path can be achieved on a 45.9 cm x 32.5 cm PCB. This results in a significant 
increase in IMS resolving power (R), which scales with L¹/² in TWIMS, where L is the total 
path length. Additionally, they introduced T-shaped switches (Figure 3.4(b)) capable of 
efficiently rerouting ions from a linear course to a perpendicular one. By switching a set of 
electrodes at the exit of the SLIM separation region, ions can either be directed 90 degrees 
towards the next instrument section or pushed towards a return path, allowing ions to traverse 
multiple cycles, further enhancing the path length and hence the resolving power. A resolving 
power exceeding 1800 can be achieved with path lengths surpassing a kilometer through this 
versatile design.15  The TW-SLIM module's notable features include ion trapping, storage, and 
ejection capabilities, allowing ion packets to be strategically positioned at designated locations 
along the separation path and discharged as needed.  
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Figure 3.4. (a) A SLIM 90-degree turn employs a particular arrangement of DC pads to 
redirect ions perpendicular to their original motion direction. (b) A SLIM switch is achieved 

by manipulating specific rows of DC pads (depicted in pink) to guide the ions' trajectory. 

We have utilized this characteristic to design a novel SLIM device equipped with collision-

induced dissociation (CID) capabilities. Each SLIM board we have developed contains 

trapping regions where ions can be captured and subsequently fragmented as required. This is 

accomplished by integrating the electrode configuration depicted in Figure 3.5 between the 

serpentine paths on the SLIM device. 

Trapping is achieved by simultaneously increasing the bias on the serpentine path blocking 

electrodes and decreasing it on the trap entrance blocking electrodes, while applying the board's 

traveling wave to the latter electrodes. This directs the ions into the trap where they are 

maintained by the traveling wave and the elevated bias on the trap exit blocking electrodes. To 

subsequently release these ions, the bias on the trap exit blocking electrodes is reduced while 

simultaneously subjecting them to the board's traveling wave.  

On our prototype instrument, to execute CID on the trapped ions, the bias of all the electrodes 

in the trap assembly (DC guards, TW, and RF) is increased so that the ions are propelled 

towards the serpentine path. This is followed by a reduction of the trap exit blocking electrodes 

to release the ions. 

As a result, the ions undergo sufficient collisions with the buffer gas inducing their 

fragmentation as they exit the SLIM trap. These fragments can then be cycled again on the 

SLIM board for further mobility separation of potential isomeric fragments, which can then be 

trapped again for multiple fragmentation rounds (IMSn). 
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 Figure 3.5. Ion trap assembly on the SLIM device. 

In later iterations of our SLIM devices, two metallic grids – separated by 0.8mm – were 

installed at the entrance of the trapping region. Here a uniform electric field can be applied to 

the trapped ions causing them to fragment inside the trap.16  

3.3 Cryogenic messenger-tagging IR spectroscopy 

Due to the low density of ions in the gas phase, measuring the amount of light they absorb 
becomes impractical. For this reason, action spectroscopy is usually performed when working 
with gas-phase ions. Instead of directly measuring the light attenuation, some change in the 
molecule induced by photon absorption is monitored.  

In this work, we employ cryogenic infrared (IR) messenger-tagging spectroscopy for the 
analysis of gas-phase ions. The first step in this method is trapping the ions within a thermally 
conductive container cooled to the desired temperature. Then a buffer gas, which in our case is 
composed of 90% helium and 10% nitrogen, is pulsed into the trap, where it can readily achieve 
thermal equilibrium with the surface of the cold enclosing box. We cool the trap to around 45 
Kelvin using a commercial closed-cycle, dual-stage helium refrigerator.17 Upon collision with 
the cold gas, the ions are cooled and form weakly bound clusters with N2.  

While different molecules or atoms can be used as a tag, our choice of N2 is based on its 
favorable mass shift (+28 Da) and the fact that its clusters with ions are sufficiently strongly 
bound that cooling is only necessary to about 40 K – tagging by either helium or hydrogen 
requires much lower temperatures. Generally, when choosing a tag, it should be IR inactive so 
that it does not interfere with the IR absorption of the molecule itself, and this is achievable 
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with both atomic tags, such as helium and argon, as well as homonuclear diatomic molecules, 
since they have no allowed infrared absorptions. 

The cold clusters are then irradiated by an IR laser, and when the laser frequency is in resonance 
with the vibration of a functional group in the molecule, a photon is absorbed. The absorption 
of IR radiation is followed by a redistribution of vibrational energy, ultimately leading to the 
detachment of N2 (see Figure 3.6).18-21  

 

Figure 3.6. Schematic overview of messenger-tagging spectroscopy. 

To then obtain the IR spectrum from the recorded mass spectra (Figure 3.7), the fraction of 
tagged ions is plotted as a function of the laser wavenumber:  

𝐼𝑅	𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚	(𝑐𝑚4() 	= ∑67880!	:;<=60>=
∑%>0:<>=?>@67880!	:;<=60>=

         equation 3.1 

 

Figure 3.7. (a) a mass spectrum of a tagged molecule, (b) the same spectrum after absorption 
and depletion occurs. 

 

3.4 Experimental setup: Enhancing sensitivity and speed 
In various scientific domains, such as medical diagnostics and pharmaceutical quality control, 

a substantial volume of samples is usually analyzed. Consequently, there is a demand for 
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analytical tools that can provide both rapid and accurate results. Therefore, we explore 

increasing our instrument sensitivity so that lower concentration species can be analyzed in 

addition to decreasing our IR spectral acquisition time so that it is more compatible with the 

timescale of other analytical techniques such as liquid chromatography. 

3.4.1 CW laser installation and calibration using a photoacoustic cell 
In the context of this research, we have employed a continuous-wave (CW) infrared (IR) laser 

system from IPG Photonics as an alternative to the pulsed optical parametric oscillators (OPOs) 

typically used in this wavenumber region. This particular CW laser system uses a chromium-

doped ZnS/Se crystal pumped by a thulium fiber laser, spanning the spectral range from 3230 

cm-1 to 3980 cm-1. One advantage of this CW laser system is its continuous operation, which 

allows us to run the experiment at a repetition rate determined by the time it takes for mobility 

separation of the ions. Furthermore, this laser system can emit consistent power output across 

all wavelengths by adjusting the power of the fiber pump laser during a scan, enabling the 

generation of highly reproducible IR depletion spectra.  

Accurate laser wavelength calibration is essential for reproducibly obtaining spectra and 

building a reliable database. One method to do this uses the photoacoustic effect to measure 

the accurately know transitions of water vapor.  

The photoacoustic effect is a phenomenon in which the absorption of laser light by a sample, 

water vapor in this case, generates acoustic waves subsequent to collisional relaxation of the 

vibrationally excited molecules.22 By using a sensitive hearing-aid microphone to measure this 

acoustic signal as a function of laser stepper motor position, and comparing the transitions to 

the accurately known absorptions of water, one can determine the laser wavelength with a high 

degree of precision.23 

The photoacoustic cell, shown schematically in Figure 3.8, is designed as a closed container 

with a transparent window through which the laser beam enters. A small drop of water is placed 

inside the cell, which is otherwise at atmospheric pressure. When the laser beam interacts with 

the water vapor, it generates an acoustic wave, which is detected by a sensitive microphone 

positioned in the center of the cell. To enhance the sensitivity of the measurement, an optical 

chopper is placed between the laser and the cell, modulating the laser at the resonant frequency 

of the cylindrical cell, which in our case was determined experimentally to be around 330 Hz. 

This modulation results in a significant increase in signal-to-noise ratio and sensitivity.  
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Figure 3.8. Schematic of the photoacoustic cell used in this work. 

To calibrate the laser wavelength, we record the acoustic signal as a function of the position of 

the laser stepper motor , and the acquired spectrum is compared and calibrated by reference to 

the water absorption spectrum from the Hitran database,24 as shown in Figure 3.9 (a). Multiple 

sample points are selected across the entire scan region and are then fitted using a modified 

calibration equation provided by the laser manufacturer.  

This then correlates the stepper motor position to the wavelength being emitted by the laser as 

shown in Figure 3.9 (b). 
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Figure 3.9. (a) Figure showing overlap of measured photoacoustic frequency of water vapor 
fitted to a reference spectrum, (b) Curve fit of 14 datapoints sampled from 3.9 (a). 
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3.4.2 SLIM-IR Prototype 
The prototype instrument, shown schematically in Figure 3.8, features a SLIM-based traveling-
wave ion mobility device, a quadrupole, a planar trap, and mass analysis by time-of-flight 
(TOF) mass analyzer.25 Ions generated by nanoelectrospray ionization (nESI) are introduced 
into the instrument through a flared stainless-steel capillary, which is maintained at a 
temperature of 150°C. Upon exiting the capillary, the ions enter a dual ion funnel trap 
(MassTech, USA), where they are temporarily stored for tens of milliseconds. These stored 
ions are subsequently released in pulses of 100-150 μs duration thorough a ring-electrode guide 
into the SLIM-IMS region. Another ring electrode guide is positioned at the SLIM exit to 
ensure efficient unloading of the mobility-separated species. After this, the ions are guided 
through a series of ring-electrode and hexapole guides into two differentially-pumped stages ( 
I and II), which are maintained at pressures of 10-2 and 10-5 mbar, respectively. A lens 
assembly, composed of four steering plates, installed after the hexapole guide, deflects 
unwanted ions and allows only the ions of interest within a chosen drift-time range to advance 
towards the quadrupole bender. Here, the ions are turned 90° by a DC quadrupole bender 
towards an octupole guide and a quadrupole mass filter. The ion arrival time distributions 
(ATDs) can be measured on a channeltron detector, with or without m/z mass selection in the 
quadrupole mass filter.  

After the quadrupole mass filter, the ions enter a planar cryogenic trap composed of two PCBs 
featuring four DC electrodes that surround a set of radio-frequency (RF) electrodes.26  This trap 
assembly is affixed to a copper housing, which is attached to a helium cold head maintained at 
40 K. Prior to the ions' entrance into the trap, a cold buffer gas composed of a 90:10 He/N2 
mixture is introduced using a pulsed valve (Parker, Series 9). The ions are confined and cooled 
as they collide with the cold buffer gas, and become tagged with N2 during the cooling process, 
which act as messenger tags for IR absorption detection. To obtain an IR spectrum, the N2-
tagged ions are irradiated for 50 ms with a continuous-wave (CW) mid-IR laser (IPG 
Photonics) operating at 0.2 W output power. The ions are subsequently extracted through the 
slots in the top PCB of the cryogenic trap into the time-of-flight (ToF) mass spectrometer.27 
All experiments described in chapter 4 and some of those in chapter 5 were performed using 
this instrument. 
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Figure 3.8. A schematic overview of our prototype instrument combining SLIM-IMS with 
messenger-tagging spectroscopy25 

3.4.3 SLIM-IMS 
Figure 3.9 shows details of the SLIM device used in this prototype.28 The serpentine path on 
the SLIM board in this instrument is approximately 1.5 m in length. After reaching the exit of 
the SLIM, ions can be either sent to the cryogenic trap for detection or cycled back around the 
serpentine path for additional separation. In addition, this board has small ion trap segments 
(17 mm in length) used for confining mobility separated ions, which can be stored for a 
prolonged amount of time with minimal loss in signal intensity and used for CID as described 
in Section 3.2. The resolving power of this board is approximately 60 after one pass and reaches 
approximately 300 after 8 cycles (~13 m path length). 
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Figure 3.9. Schematic of the SLIM-PCB used in the prototype. 

3.4.4 Improving sensitivity 
In normal operation, an ion funnel trap (IFT) is used to introduce pulses of ions into the 
instrument. However, when the sprayed solution contains multiple ionic species, the IFT can 
quickly overfill, resulting in discrimination against higher mass ions and a decreased signal for 
potential ions of interest, negatively impacting sensitivity. By using the on-board traps 
mentioned in section 3.2, ion packets from multiple machine cycles can be accumulated in 
onboard traps, enhancing ion signal intensity. Additionally, ions can be mobility separated 
before trapping, ensuring only the signal of the target ions is enriched. 

Enhancing the ion signal is performed by varying the repetition rates of the IFT and SLIM trap 
exit. For instance, by setting the IFT at a 20 Hz repetition rate, ions are released every 50 ms, 
and the ions of interest are trapped and stored. These ions are retained until the next ion packet 
arrives from the IFT, which is then added to the trap. We then release the ions from the SLIM 
trap at a 10 Hz repetition rate. The SLIM traps can be run at even lower repetition rates for 
further enrichment while maintaining the IFT at 20 Hz. Figure 3.10 demonstrates the signal 
increase for a 100 μM disaccharide solution using the SLIM ion traps. The increase in ion 
signal is not linear, which is likely due to overfilling the trap and subsequent ion loss. While in 
principle, these traps have the same problem as the IFT itself (overfilling due to space charge 
effects), in this case, any overfilling is due to mobility selected ions of interest and no other 
ions in the electrospray plume. The capacity of these on-board traps can in principle be 
increased by making them longer. 



 

 66 

 

Figure 3.10. showing the increase of signal as a function of the number of enrichment cycles 
applied 

To showcase the effectiveness of on-board enrichment of mobility selected ions, a 1 μM 
solution of the disaccharide GlcNAc β (1-3) Gal was used to measure its IR spectrum as a 
function of the number of enrichment cycles. As seen in Figure 3.11, without enrichment, the 
IR spectrum (depicted in black) is noisy with peaks that are difficult to discern. However, 
applying the enrichment technique considerably improves the signal-to-noise ratio and, 
consequently, the sensitivity. 

 

Figure 3.11. showing the IR spectrum of a 1 μM solution of GlcNAc β (1-3) Gal obtained 
before and after applying the ion packet enrichment procedure. 
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3.4.5 Improving acquisition speed 
With the OPO system, acquiring a single spectrum required 10-15 minutes, and the shot-to-
shot pulse energy fluctuations required multiple scans to achieve a decent signal-to-noise ratio. 
In contrast, the CW laser is not limited by a repetition rate, and we can repeat ion injects as fast 
as possible given the drift time during mobility separation. Unless stated otherwise stated, all 
spectra have been acquired at 0.1 W of power and an irradiation time of 50 ms. This laser also 
has the advantage that it can maintain a constant power output across all wavelengths by 
adjusting the power of the fiber pump laser during a scan to compensate for the laser gain curve. 
This is done by a one-time calibration of the pump power required to produce a 0.1 W output 
as a function of laser wavenumber.  

Figure 3.12 shows the ability of this CW laser to reduce the spectral acquisition time. The 86-
second scan taken shows a good signal-to-noise ratio (SNR) and was performed using a running 
average (3 averages per point). The 57-second and 43-second scans appear to have similar 
resolution, suggesting that the data may have been oversampled in the former. The resolution 
starts to decrease in the 34-second scan. Because the laser is scanned a fixed speed without 
stopping, scanning it too quickly while implementing a running average leads to a loss of 
resolution due to averaging spectra recorded at slightly different wavenumbers. 

To address this issue, we  programmed the laser to stop at constant wavenumber increments 
instead of scanning at a constant speed. This approach allows data collection at each 
wavenumber while the laser remains stationary, which optimally uses the inherent resolution 
of the laser, which is approximately 1 cm-1. Furthermore, stepping in constant wavenumber 
increments ensures consistent point sampling across the entire spectral region. 

 

Figure 3.12. showing the Spectrum of a 100-μM solution of GlcNAcβ(1-3)Gal taken at 
different laser scanning speeds. 



 

 68 

3.5 Overview of the second-generation instrument 

The next-generation instrument, depicted in Figure 3.13, was designed to enhance the IMS  
resolving power by incorporating a longer SLIM-IMS region,16 which enables a 10 m 
separation path length compared to the 1.5 m path length of the prototype machine. In addition, 
this instrument features a cryogenic multi-trap, facilitating the simultaneous acquisition of 
infrared spectra from multiple mobility selected species. Chapters 6 and 7 of this thesis were 
conducted using this instrument. 

 

Figure 3.13. showing a schematic overview of our prototype instrument combining SLIM-
IMS with messenger-tagging spectroscopy 

Similar to the prototype, ions produced by nESI are sent through a dual-stage ion funnel source 
assembly (MassTech, USA) and a ring electrode guide, leading to the SLIM module, which is 
maintained at a pressure of 2.2 mbar. Upon entry onto the SLIM module, ions are accumulated 
in a 2 m storage section and subsequently released into the separation section as pulses ranging 
from microseconds to a few milliseconds in duration. A second ring-electrode guide, positioned 
at the exit of the SLIM device, transfers ions through a conductance limit and a series of 
multipole guides, transporting them through differential pumping stages (10-2, 10-4, and 10-6 
mbar) into a high vacuum stage. The first pumping stage (10-2 mbar) incorporates another ring-
electrode guide, followed by quadrupole and octupole guides in the second stage (10-4 mbar). 
The incoming ions are then guided by two multipole guides into the third stage, which is 
maintained at 10-6 mbar. Subsequently, an octupole guide and an einzel lens assembly steer 
ions into a planar cryogenic multi-trap. The planar trap is affixed to two copper plates to ensure 
homogeneous cooling. These plates are connected to a helium (He) cryostat (RDK 408 



 

 69 

Sumitomo, Japan), and maintained at 45 K. Prior to the arrival of incoming ions, an 80:20 
He:N2 mixture is pulsed into the trap to aid in their confinement and cooling. During this phase, 
the ions form weakly-bound clusters with one or two N2 molecules, which are used to perform 
messenger-tagging infrared (IR) spectroscopy. The tagged ions are irradiated for 50 ms with a 
continuous-wave (CW), mid-infrared (IR), fiber-pumped laser (IPG Photonics), operating at 
0.5 - 1 W output power. Finally, the ions are detected by a commercial time-of-flight (ToF) 
mass spectrometer (Tofwerk). 

3.5.1 SLIM-IMS 
Figure 3.14 shows the SLIM device used in the second-generation instrument. The serpentine 
path on the SLIM board deployed here is approximately 10 m in length, with a single-pass 
resolving power of approximately 200. This device has an onboard collection region from 
which the ions are pulsed. After reaching the exit of the SLIM, the ions can be either sent for 
detection or rerouted through the serpentine path for additional separation. In addition, this 
board has ion trap segments used for confining mobility separated ions, which can be trapped 
for prolonged periods of time with minimal loss and fragmented by CID. In this case, CID is 
performed by inserting two metallic grids separated by 0.8 mm across which we apply a 
potential of a few hundred volts.16 Ions are accelerated as they pass through these grids and 
fragmented by collisions with the nitrogen carrier gas. 

 

 

Figure 3.14. Schematic of the SLIM-PCB used in the second-generation instrument. It 
features an on-board accumulation region highlighted in yellow, a bypass section to avoid 

separation, highlighted in green, and ion/CID traps highlighted in red. A picture of the 
metallic grids is shown in the inset. 
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Chapter 4 Identifying mixtures of isomeric human 
milk oligosaccharides by the decomposition of IR 
spectral fingerprints1 
The analysis of glycans presents a significant challenge that arises from their isomeric 

heterogeneity. While high-resolution ion mobility spectrometry (IMS) has shown the ability to 

resolve subtly different glycan isomers, their unambiguous assignment remains difficult. Here, 

we demonstrate an infrared (IR) spectroscopic approach for identifying isomers in a glycan 

mixture. To display the feasibility of this approach, we have constructed a small database of 

cryogenic spectra of five lacto-N-fucopentaose (LNFP) and six disaccharide isomers and 

demonstrated that in the cases where they cannot be separated by IMS, we can use a cryogenic 

IR spectrum to identify the isomeric components.  

4.1 Introduction 

This study aims to demonstrate that cryogenic IR spectra can be used in a database approach 

for the unambiguous identification of glycan isomers in a mixture. Database approaches are 

used for identifying glycans on the basis of tandem MS1-5 as well as collision cross sections 

determined by ion mobility.6 In our approach, we create a spectroscopic database using high-

resolution ion mobility to separate isomers and then measure an IR spectrum of the isomerically 

pure species. For the initial creation of the IR reference database, high ion mobility resolving 

power is necessary, but once these spectra are measured, any separation technique (LC, IMS, 

etc.) can be used in conjunction with IR spectroscopy for identification and quantification of 

the isomeric composition. Even components that are not fully separated by ion mobility or 

liquid chromatography can be identified by decomposition of the cryogenic IR spectra of the 

 

 

1 This chapter is based on the publication “Abikhodr, A. H., Yatsyna, V., Ben Faleh, A., Warnke, S., and Rizzo, T. R., Identifying 
Mixtures of Isomeric Human Milk Oligosaccharides by the Decomposition of IR Spectral Fingerprints.” Anal Chem 2021, 93 (44), 
14730-14736. The content and figures were adapted with permission from the American Chemical Society. 
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overlapping isomers, as long as the corresponding isomerically pure reference spectra have 

been added to the database.  

To illustrate the feasibility of this approach, we use a set of five isomeric human milk 

oligosaccharides (HMOs), lacto-N-fucopentaoses (LNFPs), from which we construct a small 

database of cryogenic IR spectra. We then use this database to determine the presence of these 

glycans in mixtures.  

4.2 Experimental Methods 

4.2.1 Sample Preparation 
Human milk oligosaccharides (HMOs) LNFP I, II, III, and V were acquired from Carbosynth 

Ltd, and LNFP VI was purchased from Dextra Laboratories Ltd. An HMO mixture that 

includes 60% of penta- and hexasaccharides was purchased from Carbosynth Ltd and made 

into a 0.1 mg/ml solution. All samples were prepared in a 50/50 mixture of water/methanol and 

used without further purification. Molecules were analyzed in the sodiated charge state and the 

protonated-potassiated charge state. 

4.2.2 Instrumentation 
These experiments were performed on our prototype instrument described in Chapter 3. 

Briefly, oligosaccharide solutions with concentrations between 10 and 25 μM are introduced 

into the instrument via a heated stainless-steel capillary (170° C) using a nano-electrospray 

(nESI) source. Initially, ions pass through a series of ion funnels and accumulate in an ion 

funnel trap (IFT). Next, short, intense ion packets (approximately 130 μs wide) are released 

from the IFT and directed to the SLIM-IMS region filled with helium at 3 mbar, where the 

molecules are separated based on their drift time. 

Our previously described SLIM-IMS device was designed following the work of Smith and 

colleagues.7-9 It consists of a pair of mirrored 15 x 15 cm printed circuit boards, featuring a 1.5 

m single-cycle serpentine path for ion mobility separation and six individually accessible traps 

for storing ions with selected mobility. Long path lengths are achieved by allowing ions to 

cycle through the serpentine path multiple times. 

Infrared spectral decomposition was performed using MATLAB. We used the fminsearch 

function to iteratively minimize the root-mean-square deviation (RMSD) between the spectrum 

of a mixture and a synthetic spectrum constructed from all normalized reference spectra. This 
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spectral decomposition process yields an isomer ratio that corresponds to the best fit of the 

measured spectrum. The resulting isomer ratios are then linearly corrected by the relative 

tagging efficiencies at 40 K of all isomers to give a more accurate representation of the mixture 

composition.  

 

4.3 Results and discussion 

4.3.1 Sodiated LNFP isomers 
Our initial investigations concentrated on singly sodiated isomers of LNFP I, II, III, V, and VI 

(m/z = 876.3 Th). We analyzed the pure isomeric form of each species to obtain a collection of 

IR reference spectra (Figure 4.1), which function as identifying fingerprints. In the 3250-3700 

cm-1 spectral region, which encompasses free and hydrogen-bonded OH and NH stretch 

vibrations, each isomer exhibits a distinct spectrum that is easily distinguishable from the 

others.  
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Figure 4.1. Messenger tagging IR depletion spectra of LNFP isomers in [M+Na]+ state 

The arrival-time distribution of each isomer sample displayed a single primary peak, although 

the line shapes suggest additional unresolved features in most instances (Figure 4.2). This is 

likely due to the overlap of reducing-end anomers, which are in equilibrium in solution before 

electrospray and do not interconvert in the gas phase.10 In many cases, we can resolve these 

anomers and assign them, for example, by comparing with spectra of O-methylated species 

that are locked in a specific configuration.11 Since we do not resolve individual reducing-end 

anomers in this case, all reference spectra acquired for the [M+Na]+ charge state correspond to 

a mixture of these species. 
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Figure 4.2. (a) ATD of LNFP I, II, III, V and VI isomers ([M+Na]+ charge state) analyzed 
individually using similar IMS separation conditions obtained after 7 SLIM cycles, » 10.5 m 
drift length. (b) ATD of LNFP I, II, III, V and VI isomers ([M+H+K]+ charge state) analyzed 
individually using similar IMS separation conditions obtained after 8 SLIM cycles, » 12 m 

drift length. 

Having measured the reference spectra, we then prepared an equimolar mixture containing all 

five isomers, introduced them into our instrument, and used SLIM-IMS to separate them. 

Figure 4.3 (a) shows the ATD of the mixture after 7 cycles on the SLIM separation track (∼10.5 

m drift length), which exhibits three major peaks. Figure 4.3 (b,c) displays the IR spectra in 

colors corresponding to each of these arrival time peaks. Comparison of these spectra to our 

database allowed us to attribute the second and third peaks in the ATD of Figure 4.3 (a) to 

LNFP V and I (Figure 4.3 (b)), respectively, and the first peak to an overlap of LNFP II, III, 

and VI (Figure 4.3 (c,d)). However, the percentages we obtain (26%, 23.3%, and 48.7%, for 

LNFP II, III, and VI, respectively) do not reflect the expected isomer ratios of the equimolar 

solution. The reasons for this are discussed below. 
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Figure 4.3. (a) Arrival time distribution of the mixture including LNFP I, II, III, V and VI 
([M+Na]+ charge state) obtained after 7 SLIM cycles, » 10.5 m drift length; (b) messenger 

tagging IR depletion spectra corresponding to individual peaks 2 (green) and 3 (blue) shown 
in panel (a) compared with the reference spectra identifying each (gray); (c) messenger 

tagging IR depletion spectra of the species found in peak 1 (red) shown in panel (a) compared 
with the best fit synthetic spectrum identifying the isomers present (gray); (d) Bar plot 
showing percentages of LNFP isomers in the best fit synthetic spectrum of panel (c). 

4.3.2 Protonated-potassiated LNFP isomers 
To address the issue of overlapping isomers in the ATD of the sodiated species, we also 

investigated the protonated−potassiated doubly charged species of the same LNFP isomers (m/ 

z = 446.6 Th). As before, we acquired a reference IR spectrum for each pure isomer (Figure 

4.4), which serves as an identifying fingerprint.  
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Figure 4.4. Messenger tagging IR depletion spectra of LNFP isomers in [M+H+K]2+ state 

Unlike the sodiated species, some of the LNFP isomers in the [M + H + K]2+ charge state 

clearly display two major peaks in their ATD (Figure 4.2 (b)), most probably originating from 

the two reducing-end anomers,11-13 which further complicates complete IMS separation of all 

isomers in the mixture. Examples of anomer-specific spectra are shown in Figure 4.5; these 

were also added to our small database. 
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Figure 4.5. (a) Arrival time distribution of LNFP I ([H+K]+2 charge state) obtained after 14 
SLIM cycles, » 21 m drift length; (b) messenger tagging IR depletion spectrum of LNFP I (in 
black) and depletion spectra of each highlighted region in panel (a) with yellow highlights on 

the spectra to show the major differences between them. (c) Arrival time distribution of 
LNFP II ([H+K]+2 charge state) obtained after 10 SLIM cycles, » 15 m drift length; (d) 

messenger tagging IR depletion spectrum of LNFP I (in black) and depletion spectra of each 
highlighted region in panel (c) with yellow highlights on the spectra to show the major 

differences between them. 

 
Figure 4.6 shows the arrival time distribution of the mixture of all five LNFP isomers in the 

[M + H + K]2+ charge state after eight separation cycles (12 m), where the identity of individual 

drift peaks is assigned based on their drift times (Figure 4.2 (b)). Even though LNFP II, III, and 

VI show partial separation, the overlap between other isomers is observed due to multiple drift 

peaks appearing for the individual compounds in the [M + H + K]2+ charge state. Thus, we 
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cannot completely separate and identify all isomers of LNFPs present in this mixture using 

IMS alone, even when using both the singly sodiated and potassiated–protonated charge states. 

If we were to cycle the ions further to increase the resolution and separate the individual peaks, 

the ions would begin to overlap in the 1.5 m mobility separation region of our SLIM device. 

 

Figure 4.6. Arrival time distribution of LNFP I, II, III, V and VI mixture ([M+H+K]2+ charge 
state) obtained after eight SLIM cycles (12 m drift length). Each peak is denoted with its 

isomer content. 

4.3.3 Isomer identification using spectral decomposition 
Figure 4.7 shows the optimal synthetic spectrum (red) for the equimolar mixture of LNFP I 

and II in the [M + H + K]2+ charge state obtained from the MATLAB decomposition algorithm, 

compared to the measured spectrum (gray). Even though these species almost completely 

overlap in their ATD after a 12 m separation drift length, the algorithm correctly identifies 

them as major constituents of the mixture (43.9% LNFP I and 55.5% LNFP II), demonstrating 

the sensitivity of the cryogenic IR spectra to the slightest structural differences. 
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Figure 4.7. (a) Messenger tagging IR depletion spectra of an equimolar mixture LNFP I and 
II in the [M+H+K]2+ charge state (red) compared with the best fit synthetic spectrum (gray); 

(b) a bar plot showing percentages corresponding to the best fit synthetic spectrum.  

To further assess the performance of spectral decomposition, the reference cryogenic IR spectra 

of a series of six isomeric disaccharides were measured in the [M + Na]+ charge state (Figure 

4.8).  

 

Figure 4.8. Messenger tagging IR depletion spectra of disaccharide isomers ([M+Na]+ state) 
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Various mixtures of these disaccharides were then prepared, and the IR spectrum of each 

mixture without IMS separation was measured and analyzed. The decomposition algorithm 

successfully identified the constituent isomer makeup of each spectrum (Figures 4.9–4.15), 

with a detection limit of 2.9% (2σ) in the mixtures we examined. This value was determined 

by considering all of the percentages of falsely identified isomers. This method is thus well 

suited for solving the problem of overlapping ion mobility peaks and can give reliable 

identification of the constituent isomer makeup in complex mixtures, although as discussed 

more fully below, our ability to perform a quantitative analysis is still limited. 

 

Figure 4.9. Messenger tagging IR depletion spectra of equimolar disaccharide isomers B and 
C in [M+Na]+ state (red) compared with the optimized synthetic spectrum (gray). 

Decomposition: B (49.9%), C (49.3%) and F (0.8%). 

 

Figure 4.10. Messenger tagging IR depletion spectra of disaccharide isomers B, D and F (15, 
7, and 15 μM respectively) in [M+Na]+ state (red) compared with the optimized synthetic 

spectrum (gray). Decomposition: A (0.6%), B (34.1%), C (2.1%), D (26.5%), E (0%), and F 
(36.7%).  
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Figure 4.11. Messenger tagging IR depletion spectra of equimolar disaccharide isomers 
A,B,D and F in [M+Na]+ state (red) compared with the optimized synthetic spectrum (gray). 

Decomposition: A (7.1%), B (23.4%), C (1.2%), D (41.9%), E (0%), and F (26.4%). 

 

 

Figure 4.12. Messenger tagging IR depletion spectra of disaccharide isomers A, B, D and F 
(30, 15, 7, 15 μM respectively) in [M+Na]+ state (red) compared with the optimized synthetic 

spectrum (gray). Decomposition: A (15.2%), B (26.2%), C (1.4%), D (28.7%), E (0.2%), 
and F (28.3%). 
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Figure 4.13. Messenger tagging IR depletion spectra of equimolar disaccharide isomers A, C, 
E, and F in [M+Na]+ state (red) compared with the optimized synthetic spectrum (gray). 

Decomposition: A (6%), B (0%), C (22.4%), D (0%), E (48%), and F (23.6%). 

 

 

Figure 4.14. Messenger tagging IR depletion spectra of all six disaccharide isomers 
(equimolar) in [M+Na]+ state (red) compared with the optimized synthetic spectrum (gray). 
Decomposition: A (4.2%), B (13.3%), C (14.1%), D (22.2%), E (32.3%), and F (13.9%). 
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Figure 4.15. Messenger tagging IR depletion spectra of all six disaccharide isomers (30, 15, 
7, 7, 7, 15 μM respectively, starting with sugar A)  in [M+Na]+ state (red) compared with the 
optimized synthetic spectrum (gray). Decomposition: A (13.5%), B (21.6%), C (9.8%), D 

(16.7%), E (17.5%), and F (20.9%). 

 

4.3.4 Application to an unknown mixture 
Having applied our database approach to mixtures of known concentration, we proceeded to 

analyze a sample obtained from Carbosynth Ltd., which contains an unknown mixture of 

HMOs including lacto-N-fucopentaoses. According to the supplier, the raw material for this 

sample was obtained from a panel of subjects and purified using liquid chromatography. Figure 

5a shows the ATD of sodiated LNFP found in this sample after 7 cycles on our SLIM board. 

Visual comparison of this ATD to that in Figure 4.3 (a) suggests the presence of at least one of 

LNFP II, III, and VI in the first peak, the possibility of LNFP V in the middle region, and LNFP 

I in the second, well-resolved peak. It is important to note that the ATDs shown in Figures 

2 and 5 correspond to the same drift length, however, the drift times differ due to different 

separation conditions used in each experiment (different traveling wave pulse voltage and 

speed). A small peak appears in the ATD at about 114 ms, which is not present in Figure 4.3 

(a). We believe this is an artifact, perhaps from a solvent cluster, since it disappears when the 

drift gas is changed from He to N2 (Figure 4.16). 
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Figure 4.16. Arrival time distribution of LNFP mixture found in the Carbosynth HMO 
sample ([M+Na]+ state) obtained after 7 SLIM cycles (∼10.5 m drift length) using nitrogen 

(top) and helium (bottom) in the SLIM-IMS region. 

The cryogenic IR spectrum of the first ATD region was measured and analyzed using the 

spectral decomposition method as described above. Indeed, Figure 4.17 (b) shows that the 

synthetic spectrum using the percentages returned by the decomposition algorithm (gray trace) 

is virtually identical to the measured spectrum (red trace), with its major components being 

LNFP II (61.8%) and III (37.5%). The algorithm also shows a minor contribution of LNFP VI 

(0.7%), which is below the limit of detection using this approach. Thus, we conclude that the 

first peak in the ATD of Figure 4.17 (a) contains primarily LNFP II and III. The IR spectrum 

of region 2, shown in Figure 4.17 (c), indicates an exact match with LNFP I, thus confirming 

its presence.  
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Figure 4.17. (a) Arrival time distribution of LNFP found in the Carbosynth HMO sample 
([M+Na]+ charge state) obtained after 7 SLIM cycles (∼10.5 m drift length); (b) Messenger 
tagging IR spectra of species found in the ATD region 1 (red) , plotted against the best fit 
synthetic spectra identifying the isomers present (gray); (c) region 2 spectrum identifying 

LNFP I; (d) Bar plot showing percentages of LNFP isomers in the best fit synthetic spectrum 
of panel (b).  

We also found that the spectrum of the ions arriving between the two main peaks in the ATD 

corresponds to that of LNFP V in our database (Figure 4.18). 
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Figure 4.18. (a) Arrival time distribution of LNFP mixture found in the Carbosynth HMO 
sample ([M+Na]+ state) obtained after 7 SLIM cycles(∼10.5 m drift length). (b) Messenger 
tagging IR depletion spectra of highlighted region in (a) (red) compared with the reference 

spectrum identifying it as LNFP V (gray). 

 

4.3.5 Issues related to quantitation 
While we have demonstrated that spectral decomposition is well suited for the identification of 

isomers present in the mixtures, the precise quantitation of the isomer content in the mixture 

solution is complicated by several issues that are intrinsic to ESI-MS analysis.14, 15 These issues 

include possible differences in the ionization efficiencies and charge-state distributions of 

different isomers, as well as charge competition upon ESI.16 For example, the spectral 

decomposition of an equimolar mixture of LNFP I and II, as well as some of the binary mixtures 

of disaccharides that we studied, showed nearly equal ratios between each isomer, whereas in 

equimolar solutions with more than two isomers, at least one isomer was underestimated 

(Figures 4.10–4.15). It is important to emphasize that this issue is not related to the spectral 

decomposition itself since this method accurately determines the gas-phase isomer ratios even 

though they might differ from the solution ratios due to the aforementioned effects. 

4.4 Separating overlapping drift peaks through borohydride reduction 
of glycans 

The reduction of glycans using sodium borohydride is a well-established reaction that plays an 

important role in glycan analysis. It is primarily carried out to convert carbonyl groups 

(aldehydes and ketones) present in the glycans into alcohol groups (primary alcohols). This 
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then freezes the glycan in the open-ring form, significantly changing the collisional cross 

section.  

Figure 4.19 shows the reduction mechanism glycans undergo in the presence of sodium 

borohydride (NaBH4). The activated sodium borohydride, typically as BH4-, attacks the 

carbonyl group of the glycan (open-ring), resulting in the reduction of the carbonyl carbon to 

a hydroxyl group. The reaction produces an alkoxide ion intermediate. The alkoxide ion is then 

protonated by water or other acidic species present in the reaction mixture. The result is the 

conversion of the carbonyl group into a hydroxyl group, leading to the reduced glycan. The 

reduced glycan will differ by a m/z ratio of +2, because two hydrogen atoms have been added.  

 

Figure 4.19. Schematic showing the mechanism of reducing oligosaccharides in the presence 
of NaBH4 
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The reaction conditions applied in this work were as follows:  

1. Oligosaccharide sample: 100 μL of a 50 μM sample.  

2. Sodium borohydride sample: 100 μL of 2 M NaBH4. 

3. Mix the two samples together, place in a heated bath at 60 °C for 15 minutes.  

4. Quench the reaction with formic acid until bubbling stops. (Caused by release of H2) 

After this, the resulting reduced glycans were extracted and cleaned from the excess salts using 

a PGC solid phase exchange cartridge.  

By reducing the carbonyl groups to hydroxyl groups, the overall polarity and structure of the 

glycans change. This alteration in molecular structure can lead to differences in CCS, affecting 

the mobility of the glycan ions in gas-phase ion mobility spectrometry (IMS) or other gas-

phase separation techniques. Additionally, the reduction of specific glycan isomers may result 

in distinct CCS values, enabling the separation and identification of isomeric glycan species, 

which is often challenging by other means. 

We demonstrate this by applying it to the HMO sample discussed in section 4.3.4 Figure 4.17, 

where we observed that LNFP II and LNFP III overlap in mobility. One can see in Figure 4.20 

that upon reduction we can separate three major peaks to baseline and identify them to be LNFP 

III, LNFP I, and LNFP II respectively. 
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(a) Arrival time distribution of reduced LNFP (r-LNFP) found in the Carbosynth HMO 
sample ([M+Na]+ charge state) obtained; (b) Messenger tagging IR spectra of species 
found in the ATD region 1 (green) identifying LNFP III , (c) region 2 (red) spectrum 

identifying LNFP I; (d) region 3 (blue) spectrum identifying LNFP II. 

 

4.5 Conclusion 

In this work, we have demonstrated the principle that a library of cryogenic IR spectra can be 

used for identification of isomeric glycans in mixtures. We emphasize that high-resolution ion 

mobility is only necessary for obtaining isomerically pure IR fingerprints to build the database. 

Once the database is available, any moderate resolution IMS device could be used for partial 

separation and reduction of the number of overlapping species for reliable IR spectra 

decomposition and isomer identification. 

It is worth noting that under moderate separation conditions, it would be almost impossible to 

perform isomer identification using ion mobility alone or even in combination with 

fragmentation techniques, since this would require unique fragment peaks for each isomer. In 

contrast, the linear nature of IR spectra and their high sensitivity to even minor structural 

variations between isomers make identification by spectral decomposition feasible. The 

identification process could be accelerated by shortening the IR scanning range, thereby 
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reducing the IR spectral acquisition time. We also demonstrate how preparative chemistry 

through reducing the glycans can help in resolving overlapping mobility peaks. However, this 

requires database spectra of the reduced species to also be measured. 

In addition, with an extensive database, machine learning methods could be introduced to 

identify unique regions of the isomer spectra that would further reduce the scan range and 

acquisition time. The spectral measurement process can also be multiplexed, which will allow 

the acquisition of spectra of many species (including isomers) within a single laser scan. This 

will be demonstrated in the following chapter. 
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Chapter 5 High-throughput multiplexed infrared 
spectroscopy of ion mobility separated species using 
Hadamard transform2 
 

Coupling vibrational ion spectroscopy with high-resolution ion mobility separation offers a 

promising approach for detailed analysis of biomolecules in the gas phase. Improvements in 

the ion mobility technology have made it possible to separate isomers with minor structural 

differences, and their interrogation with a tunable infrared laser provides vibrational 

fingerprints for unambiguous database-enabled identification. Nevertheless, wide analytical 

application of this technique requires high-throughput approaches for acquisition of vibrational 

spectra of all species present in complex mixtures. In this chapter, we present a novel 

multiplexed approach and demonstrate its utility for cryogenic ion spectroscopy of peptides 

and glycans in mixtures. Since the method is based on Hadamard transform multiplexing, it 

yields infrared spectra with an increased signal-to-noise ratio compared to a conventional 

signal averaging approach. 

5.1 Introduction 

Separation and identification of isomers are long-standing problems in analytical chemistry, 

particularly crucial in fields like glycomics,1-3 metabolomics,4, 5 and lipidomics,6, 7 where high 

isomeric complexity poses significant analytical challenges. Mass spectrometry (MS) offers 

rapid analysis with high sensitivity8 but struggles to distinguish between isomers, so it is often 

combined with orthogonal separation techniques like liquid chromatography (LC),2, 4, 9 

capillary electrophoresis,10 or gas chromatography11. However, adding an orthogonal 

separation method often extends the analysis time. Ion mobility spectrometry (IMS)12-14 can 

 

 

2 This chapter is based on the publication “Yatsyna, V., Abikhodr, A. H., Ben Faleh, A., Warnke, S., and Rizzo, T. R., High-Throughput 
Multiplexed Infrared Spectroscopy of Ion Mobility-Separated Species Using Hadamard Transform.” Anal Chem 2022, 94 (6), 2912-2917. The 
content and figures were adapted with permission from the American Chemical Society. 
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separate isomers on a millisecond timescale and is easily coupled to MS, showing promise for 

high-throughput analysis of complex isomeric mixtures. 

We recently demonstrated that a combination of cryogenic IR spectroscopy with ultrahigh-

resolution IMS offers unambiguous identification of isomers with subtle structural 

differences.15-21 While adding a spectroscopic dimension to IMS–MS increases the sample 

analysis time, we have developed a scheme in which IR fingerprints of multiple, mobility-

separated species can be obtained quickly.22 However, fast spectroscopic analysis of all species 

in a complex mixture still presents a challenge. 

In this chapter, we present a novel multiplexed spectroscopic technique based on Hadamard 

transform, which can simultaneously acquire the IR spectra of all species present in a mixture 

in a single laser scan. This approach can be easily implemented on any IMS–MS instrument 

equipped with ion trapping and laser irradiation and is well-suited for spectroscopic studies of 

complex mixtures with a broad range of ion mobilities. We demonstrate the method by 

recording the cryogenic IR spectra of all species separated by SLIM–IMS for several peptide 

and glycan mixtures, showing that the spectral signal-to-noise ratio (SNR) increases in 

agreement with the theoretical multiplex advantage. 

5.2 Experimental Methods 

5.2.1 Sample Preparation 
Disaccharide GalNAc-α(1–3)-Gal was purchased from Dextra (UK), whereas Gal-β(1–3)-

GalNAc and human milk oligosaccharide samples were purchased from Carbosynth (UK). 

Bovine serum albumin (BSA) protein digest was purchased from Thermo Fisher Scientific. All 

samples were used without further purification. For electrospray, the disaccharide samples 

were dissolved in water/methanol (v/v 50/50) to a final concentration of 5–50 μM, and the BSA 

protein digest was dissolved in water to yield a 0.5 μM concentration. 

5.2.2 Instrumentation 
These experiments were performed on our prototype instrument described in chapter 3. Briefly, 

ions generated by nanoelectrospray are introduced into the instrument through a heated 

stainless-steel capillary (170 °C) and accumulated in a dual-stage ion funnel assembly 

(MassTech) used as a trap. Short, intense ion packets (150 μs duration) are released into a 

compact SLIM ion mobility device (15 × 15 cm) filled with helium at 3 mbar, where molecules 

are separated based on their shape (i.e., their rotationally averaged CCS). 
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The cold tagged ions are then irradiated with a tunable continuous-wave mid-IR laser (IPG 

Photonics) and mass-analyzed using a reflectron-type TOF mass spectrometer. When the laser 

frequency is resonant with a vibrational transition of the tagged molecule, it absorbs an IR 

photon, leading to intramolecular vibrational energy redistribution and dissociation of the 

nitrogen tag(s). Plotting the ratio between the tagged and total ion signals of the same species 

as a function of the laser wavenumber produces highly resolved IR spectra that can serve as 

fingerprints for molecular identification. 

Arrival time distributions (ATDs) of ions following SLIM-IMS separation are obtained using 

a channeltron detector after m/z selection by the quadrupole mass filter. Alternatively, two-

dimensional IMS-MS profiles covering all m/z values of complex samples can be obtained by 

scanning a narrow transmission window (e.g., 300 μs) in the arrival time dimension and 

acquiring mass spectra corresponding to this window using TOF-MS. 

5.2.3 Multiplexed spectroscopy approach 
Multiplexed spectroscopy based on the Hadamard transform measures the IR response of 

multiple known combinations of IMS peaks in a single laser scan, allowing for the spectrum 

of individual IMS peaks to be obtained with increased SNR, known as the multiplex or Fellgett 

advantage.23-26 The basics of the multiplexing approach applicable to cryogenic ion 

spectroscopy combined with IMS is described below. 

First, the IMS-MS profile of the sample is measured, and the window covering all IMS peaks 

of interest is selected and divided into N bins. Multiplexing is performed using a Simplex 

matrix S(N × N), a cyclic binary matrix derived from Hadamard matrices. The first row of S 

corresponds to a binary pseudorandom sequence of ones and zeros,26 while the next rows 

correspond to a cyclic shift of the previous row one place to the left (Figure 5.1 (a)). Typically, 

N equals 15, 19, 23, or 31 bins of width chosen so that two IMS peaks with the same m/z do 

not overlap in one bin. 

During multiplexed spectroscopy scans, ions in the IMS bins corresponding to zeros in each 

row of the S matrix are deflected, while ions corresponding to ones are sent to the cryogenic 

trap, where they are cooled, tagged, irradiated with the IR laser, and mass-analyzed using TOF-

MS. This multiplexed IMS-MS data is then decoded to obtain the mass spectra of individual 

IMS peaks at each laser wavelength λ, which can be used to obtain their messenger-tagging IR 

spectra as described above. 



 

 102 

Ion deflection corresponding to zeros in the S matrix is performed by increasing the voltage on 

one of the elements of the ion steering lens and is controlled by the digital output module of a 

PCIe-6351 card (National Instruments) using a LabView program. Ion deflection in this setup 

allows for rectangular-shaped pulses with rise and fall times of around 3 μs. If needed, the 

minimum bin length for multiplexing can be as short as approximately 20 microseconds. 

 

Figure 5.1. (a) An example of a relatively complex IMS-MS profile with multiple species 
separated using SLIM-IMS (human milk oligosaccharide mixture, total drift length 10 m). 
The IMS-MS profile can be split into N bins and represents the quantity of interest X upon 

multiplexing with the Simplex matrix S (N´N). (b) Multiplexing and demultiplexing 
procedure, showing the example of multiplexed data Y = S ´ X, where S is a (15´15) 

Simplex matrix and X is the IMS-MS profile from panel (a). 

In mathematical terms, multiplexing means that at each laser wavelength λ, we measure the 

encoded matrix Y(λ) = S × X(λ), where S is an (N × N) Simplex matrix, X(λ) is an (N × k) 

matrix containing the individual mass spectra of N bins in the chosen ATD window (Figure 

5.1 (a)), and k represents the length of the MS data vector. The measured Y(λ) matrices consist 

of various known combinations of mass spectra from different IMS bins (Figure 5.1 (b)). 

During data analysis, we multiply the Y(λ) matrices with the inverse of the S matrix to obtain 

the individual MS traces in each IMS bin [i.e., we compute X(λ) = S–1 × Y(λ) at each λ]. This 

demultiplexing step is fast and can be performed while scanning the laser wavelength. 

In this approach, the theoretical Fellgett advantage (i.e., the increase in the SNR using 

multiplexed spectroscopy compared to normal spectroscopy of single species) can be estimated 

as:25 
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(/+

                                      (1) 

where, xi represents the signal intensity of the m/z channel of interest in the ith IMS bin, and x̅ 

is defined as the average signal across all the IMS bins in the m/z channel of interest. Equation 

1 applies to shot-noise limited conditions, which are inherent in TOF–MS measurements. It 

suggests that an increased SNR will be observed for all IMS bins with an intensity twice higher 

than the average intensity across all bins for the m/z value of interest. This typically occurs for 

sparse ATDs with a few IMS peaks in each m/z channel, often obtained using ultrahigh-

resolution SLIM–IMS separations of complex mixtures with a broad range of mobilities. 

Equation 1 also indicates that the SNR of weak IMS peaks will decrease upon multiplexing 

when strong peaks with the same m/z value are present. Such weak IMS peaks can be identified 

during the initial ATD inspection and can be analyzed individually if necessary. 

It's worth mentioning that Hadamard transform multiplexing has been previously applied in 

ion mobility instruments to increase their duty cycle when coupled with continuous ion sources 

such as ESI.27-31 In this case, multiplexing was achieved by sending multiple identical ion 

packets for separation by the IMS device in a single experimental cycle, leading to an increased 

SNR and resolution in the ion mobility dimension. However, this study employs a significantly 

different approach, as the goal is to obtain IR spectra of ion packets with different ion mobility. 

5.3 Results and discussion 

We first demonstrate our multiplexed spectroscopy approach by analyzing a mixture of two 

isomeric disaccharides, GalNAc-α(1–3)-Gal and Gal-β(1–3)-GalNAc, which we separate after 

twelve SLIM–IMS roundtrips (total drift length of 18 m). The ATD corresponding to [M + 

Na]+ ions (m/z 406) is shown in black in Figure 5.2 (a), where four major peaks can be 

observed. More specifically, each disaccharide exhibits two ion mobility peaks, which likely 

originate from reducing-end anomers, as was shown in previous work from our laboratory.15-

17 For multiplexing, the ATD was split into 31 bins of 1.4 ms each, as shown in red in Figure 

5.2 (a), and the IMS–MS data was encoded with an S(31 × 31) matrix at each laser wavelength 

step. The peaks of interest that represent the two disaccharides can be found within bins 3, 4, 

7, and 8 (Figure 5.2 (a)). The spectra corresponding to these bins are shown in Figures 5.2 (b–

e) and were obtained by demultiplexing the encoded IMS–MS data for each laser wavelength 
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and plotting the ratio between the messenger-tagged and total ion signal of the disaccharide 

species. 

 

Figure 5.2. (a) The arrival time distribution of a mixture of two disaccharides, GalNAc-a(1-
3)-Gal and Gal-b(1-3)-GalNAc, in the [M+Na]+ state, acquired after twelve SLIM-IMS 

separation cycles (18 m drift length) using the quadrupole mass filter and the channeltron 
detector, compared to the IMS profile recorded in 31 bins, 1.4 ms/bin using TOF-MS. The 
peak marked with the asterisk is due to an impurity that was not filtered by the quadrupole.  
(b-e) Cryogenic IR spectra of individual peaks separated by SLIM-IMS obtained using our 

multiplexed approach (red) compared with the spectra obtained under normal non-
multiplexed measurements (grey). Multiplexed IR spectroscopy was performed using -

S(31´31) in the arrival time window of 107-150 ms, which was split into 31 bins of 1.4 ms 
duration. Non-multiplexed data was acquired directly after the multiplexed laser scan under 

the same experimental conditions and using the same width and the number of bins. 

Infrared spectra in the free OH stretch region obtained in this way were compared to the 

reference spectra acquired using isomerically pure samples, allowing us to assign peaks 1–2 in 

the ATD to Gal-β(1–3)-GalNAc and peaks 3–4 to GalNAc-α(1–3)-Gal.  

For the purpose of comparing the SNR of multiplexed and normal scans, the grey traces 

in Figure 5.2 (b–e) show the corresponding laser scans acquired with the same settings but 

without multiplexing (i.e., S equals the identity matrix). One can see that the SNR improves 

upon multiplexing, allowing us to obtain high quality spectra in a shorter period of time. In 

order to estimate the SNR gain quantitively, we have analyzed the noise levels of multiplexed 
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and non-multiplexed measurements by determining the standard deviation of data within the 

baseline of each spectrum where no depletion peaks occur (3680–3750 cm–1). We find that the 

observed gain in SNR, GSNR, reaches values between 1.7 and 2.8, depending on the IMS peak 

of interest (see Figure 5.2 (b–e)), and agrees well with the theoretical estimation using eq 1. 

On average, an SNR increase of 2.14 is observed, and this corresponds to a reduction in analysis 

time by a factor of 4.6. 

Next, we demonstrate the high-throughput nature of this multiplexed spectroscopy approach 

by analyzing a BSA protein digest mixture. Figure 5.3 (a) shows the IMS–MS profile after a 

single-cycle separation using our compact SLIM–IMS device (1.5 m drift length). Even though 

in this case we do not separate peptide isomers or conformers, rapid separation by SLIM–IMS 

reduces the sample complexity for spectroscopic analysis. Indeed, under cryogenic conditions 

(40 K), every peak visible in Figure 5.3 (a) splits into several m/z channels due to the nitrogen 

tagging process, and SLIM–IMS separation helps to eliminate the possible crosstalk between 

the peptide IR spectra due to the overlapping m/z channels under the limited mass resolution 

of our TOF analyzer. Our multiplexed spectroscopy analysis covered the arrival-time window 

of 5–36 ms (see Figure 5.3 (a)) that was split into 23 bins of 1.35 ms each for multiplexing 

using S(23 × 23). As a result, we have obtained high-quality cryogenic IR spectra of 37 peptide 

species in a single 24 min-long laser scan that covered the diagnostic frequency range of 3300–

3700 cm–1, probing vibrations corresponding to free and hydrogen-bonded OH/NH 

stretching. Figure 5.3 (b–e) shows several examples of spectra obtained using multiplexing 

(red) compared to the non-multiplexed data (grey) obtained under identical experimental 

conditions (e.g., same arrival time window, bin width, and bin number). The comparison 

clearly indicates a significant improvement in the SNR thanks to the multiplex advantage. More 

specifically, we have obtained an average SNR gain across all species, ⟨GSNR⟩, equal to 1.8 ± 

0.2. This value is slightly lower than the estimated theoretical value of 2.1 ± 0.3 obtained 

using eq 1, possibly due to slightly decreased messenger-tagging efficiency upon multiplexing 

due to the presence of much larger ion populations in the cryogenic ion trap compared to non-

multiplexed analysis. Nevertheless, the obtained SNR gain of 1.8 implies that without 

multiplexing one has to average data ∼3 times longer in order to reach the same SNR. The 

comparison presented in Figure 5.3 (e) also demonstrates that improved SNR can in some cases 

lead to a better resolved peak pattern, which can provide a more reliable identification of 

species based on their database spectra. These results clearly demonstrate the power of high-
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throughput multiplexed spectroscopy when spectra of all species in a complex mixture need to 

be acquired with high accuracy in a relatively short time. 

 

 

Figure 5.3. (a) IMS–MS profile acquired for the BSA protein digest sample after a single-
cycle SLIM–IMS separation (drift length of 1.5 m). (b–e) Examples of peptide cryogenic IR 
spectra obtained using our multiplexed approach (red) compared with the spectra obtained 
using a normal, non-multiplexed approach (gray) under the same experimental conditions. 

Multiplexed IR spectroscopy was performed using S(23 × 23) in the arrival time window of 
5–36 ms, which was split into 23 bins of 1.35 ms each. Normal (non-multiplexed) data were 

acquired directly after the multiplexed laser scan using the same arrival time window and 
number of bins. 

5.4 Conclusion 
In this work, we have demonstrated a Hadamard transform multiplexing approach that allows 

measuring the IR spectra of all species present in a complex mixture in a single laser scan. This 

method is particularly promising for the analysis of complex mixtures with high isomeric 

complexity and can easily be implemented in various IMS–MS-spectroscopy setups. For 

example, in addition to its use in cryogenic IR spectroscopy employed in this work, the method 

can be used with IRMPD and UV spectroscopy. Moreover, one can use this method for 

multiplexed fragmentation of mobility selected species as well as for IMSn analysis, which can 

provide alternative identification means for isomers.18, 32, 33 
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By merging Hadamard transform with our cryogenic multi-trap approach, we substantially 

increase the throughput of spectroscopic analysis for unambiguous identification of molecular 

isomers in highly complex mixtures. This was shown in our latest work. 
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Chapter 6 Identification of human milk 
oligosaccharide positional isomers by combining IMS-
CID-IMS and cryogenic IR spectroscopy3 
 

High-resolution ion mobility spectrometry (IMS) coupled with cryogenic infrared 

spectroscopy has proven to be a powerful technique for the identification of oligosaccharides. 

However, the need for an extensive database, combined with the scarcity of pure standards, 

remains a significant barrier to the broad application of this approach. To solve this issue, we 

demonstrate a method in which ion fragments produced by collision-induced dissociation 

(CID) are separated using IMS and identified using the vibrational fingerprints of only a few 

standards. Identification of the fragments allows us to determine the structure of the precursor 

molecule, the vibrational fingerprint of which is then added to our database. We then show how 

we can use this approach to identify the structure of mobility separated isomers found in pooled 

human milk. 

6.1 Introduction 
In our laboratory, we couple high-resolution IMS with cryogenic infrared (IR) spectroscopy to 

measure IR fingerprints of separated isomers and use these spectra as identifiers via a database 

approach.1-3 The advantages of using an IR fingerprint for identification are twofold: (1) it is 

extremely sensitive to the slightest difference in structure and hence unique to a given isomer; 

and (2) it is an intrinsic property of the molecule, which makes it a robust metric.4 However, 

this approach relies on an extensive IR database of analytical standards, which can be scarce 

and challenging to synthesize. 

 

 

3 This chapter is based on the publication “Abikhodr, A. H., Ben Faleh, A., Warnke, S., Yatsyna, V., and Rizzo, T. R. (2023) 
Identification of human milk oligosaccharide positional isomers by combining IMS-CID-IMS and cryogenic IR spectroscopy, 
Analyst.” The content and figures were adapted with permission from the Royal Society of Chemistry. 
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To tackle this issue, we have developed a procedure based on tandem IMS in combination with 

cryogenic IR fingerprinting5 to identify glycans for which we do not have standards.6 In brief, 

isomeric fragments generated by CID are separated by IMS and identified by their IR 

fingerprints, using a limited number of standards. Knowledge of the structure of these 

fragments is then used to reconstruct the primary structure of the precursor molecule. Once the 

precise isomeric form of the precursor is identified, its IR spectrum can be used to expand the 

IR database. This approach is especially well suited for human milk oligosaccharides due to 

the nature of their biosynthesis in which larger species are built off a lactose core by enzymes 

with high regio- and stereoselectivity. 7-9 

To illustrate the feasibility of this approach, we first apply it to a fucosylated human milk 

oligosaccharide, where we identify the position and linkage of the fucose residues. While many 

of these oligosaccharides can be identified by LC-MS/MS, which combines information from 

the retention time and MS/MS fragmentation data,10, 11 their identification is column- and 

technique-specific, which means that the identification process must be repeated if the 

LC/fragmentation method is changed. In contrast, because a vibrational spectrum is an intrinsic 

property of the analyte molecule, the identification procedure described above has only to be 

performed once to acquire the parent IR fingerprint, after which IR spectroscopy alone is 

sufficient for identification. We then use this method to identify oligosaccharides extracted 

from a pooled human milk sample for which we had no entries in our infrared spectral database. 

We demonstrate how we can assign peaks in a complex arrival-time distribution (ATD) to 

specific isomers.  

6.2 Experimental Methods 

6.2.1 Sample Preparation 
The human milk oligosaccharide standards employed in this work (LNFP I, LNFP II, LNH, 

LNDFH I, MFLNH I, and DFLNH b) were acquired from Carbosynth Ltd and Dextra 

Laboratories Ltd. All standard solutions were prepared in a 50/50 mixture of water/methanol 

and used without further purification at a concentration of 10–25 μM. All samples were 

analyzed in the sodiated charge state to avoid fucose migration, which occurs in the protonated 

state.12  

A pooled human milk sample (0.5 mL lyophilized), purchased from Chemie Brunschwig AG, 

was reconstituted in 0.5 mL of water. We then centrifuged 50 μL of this sample at 13 000 rpm 
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for 30 min at 4 °C to de-fat the solution. The resulting aqueous fraction was mixed with ethanol 

(1 : 1) and held at −80 °C for 1 h, followed by 30 minutes of centrifugation at 13 000 rpm and 

4 °C to precipitate the proteins. The supernatant containing HMOs was then diluted 60 times 

before analysis on our instrument. 

 

6.2.2 Instrumentation 
All experiments in this study were conducted on the Next-Gen instrument described in chapter 

3. It includes high-resolution ion mobility separation using structures for lossless ion 

manipulations (SLIM) and a cryogenic trap coupled to a time-of-flight (TOF) mass 

spectrometer (TOFWERK) for IR spectroscopy. Briefly, ions are produced by nano-

electrospray (nESI) and introduced into the instrument through a heated stainless-steel capillary 

(130° C). Initially, the ions are guided through a set of ion funnels and accumulated in an 2m 

long accumulation segment on the SLIM device operating with traveling-wave frequency of 

9900 Hz with an amplitude of 14 Vp–p. Ion packets of 1 ms duration are then released and 

guided through the SLIM-IMS separation region, which is held at a nitrogen pressure of 2.2 

mbar. The SLIM device we designed has a single-pass path length of 10 m and can be operated 

in cyclic mode to increase the resolution. It also includes a trapping section in which we 

perform CID on mobility selected ions. While the conditions for optimal separation depend on 

the m/z we are analyzing, the traveling-wave frequency is on the order of 19 800 Hz with and 

amplitude of 42 Vp–p. 

Following separation, mobility-selected ions are guided through multiple differential pumping 

stages to the cryogenic trap, which is maintained at 45 K in order to perform messenger-tagging 

IR spectroscopy. Trapped ions are cooled via collisions with a He/N2 (80 : 20) gas mixture and 

form weakly bound clusters with N2 molecules. The N2-tagged ions are irradiated with a 

continuous-wave mid-IR laser (IPG Photonics) for 50 ms and analyzed using the TOF mass 

spectrometer. Upon absorption of an IR photon, energy is redistributed among the vibrational 

modes, leading to dissociation of the nitrogen tag(s). We obtain an IR fingerprint spectrum of 

the tagged species by measuring the ratio between the number of tagged and untagged ions at 

each laser wavenumber step. While we can measure a spectrum in as little as 7 seconds, in this 

work we typically average two individual 7-minute scans to improve the S/N. 
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6.2.3 HMO IR fingerprint database 
Infrared spectra of LNFP I and II have been previously measured and added to our database 

(Chapter 4).  For the work reported here, we measured IR spectra of three additional standards, 

LNH, DFLNH b (and its fragments), and MFLNH I. This database allows us to directly detect 

the presence of these species in complex mixtures as intact molecules or as fragments of larger 

unknown molecules. 

6.2.4 Spectral comparison 
In this study, we use the Pearson correlation coefficient (PCC) to compare measured infrared 

(IR) spectra with those in our database.13-15 The PCC method measures the linear relationship 

between two vector variables, and then provides a value ranging from −1 to 1. A coefficient 

close to 1 indicates a strong positive correlation, while a value close to −1 signifies a strong 

negative correlation, and a value around 0 implies no correlation. By calculating the PCC for 

our measured IR spectrum with each of our reference spectra, we can determine the degree of 

similarity between them and hence the best match. In this work, all identified spectra had a 

PCC ranging between 0.92 and 0.97, which indicates very good agreement. 

6.3 Results and discussion 

6.3.1 IR Identification of CID Fragments 
As a test to demonstrate the principle of our approach for identifying human milk 

oligosaccharides, we first investigate lacto-N-difucohexaose I (LNDFH I, m/z 1021). Figure 

6.1(a) shows the CID fragment mass spectrum of an LNDFH I standard. The major fragment 

(m/z 876) corresponds to the loss of a single fucose, leaving three hexoses, one GlcNAc, and 

one fucose behind. The ATD of this fragment shows two major peaks (Figure 6.1(b)), each of 

which we direct into our cryogenic ion trap and measure their respective IR spectrum, shown 

in Figure 6.1(c and d). The good agreement between the spectrum of each mobility peak with 

those found in our database allows us to identify the two isomeric fragments as LNFP II and 

LNFP I.  

The presence of the LNFP II fragment reveals the position of a fucose on the N-acetyl 

glucosamine (GlcNAc) via an (α1-4) bond, whereas the LNFP I fragment identifies a fucose 

bound to the terminal galactose (Gal) via an (α1-2) bond. Moreover, both fragments share the 

same backbone. Combining this information allows us to correctly deduce the structure of the 

precursor molecule, LNDFH 1.  
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Figure 6.1. (a) MS/MS spectrum of sodiated Lacto-N-difucohexaose I (LNDFH I structure 
shown); (b) Arrival time distribution of 876 m/z fragments after 10 m SLIM-IMS separation; 
(c,d) messenger- tagging IR spectra corresponding to individual arrival time peaks shaded red 

and blue in panel (b) compared with database spectra. 

6.3.2 Characterization of a selection of oligosaccharides extracted from human 
milk 

Having demonstrated the principle of our fragment-based identification approach on an 

LNDFH I standard where we already knew the structure, we now show its applicability to a 

complex pooled human milk sample from which we extracted the glycan content as described 

above. The arrival time distribution of glycans of m/z 1241 after three separation cycles (30 m 

drift length), shown in Figure 6.2(a), consists of at least six different features, emphasizing the 

isomeric complexity of HMOs. As shown in Figure 6.2(b), we can directly identify the isomer 

responsible for the peak arriving at 514 ms via spectral comparison with our database to be 

MFLNH 1, the structure of which is shown as an inset in Figure 6.2(a).  
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Figure 6.2. (a) Arrival-time distribution of an HMO with m/z 1241 from human milk after 30 
m SLIM-IMS separation; (b) IR fingerprint of the highlighted peak in panel (a) shown in red, 

and the corresponding database spectrum of MFLNH I shown in grey.  

While this identification was straightforward, the IR fingerprint of the isomer arriving at 525 

ms (shown in Figure 6.3(b)) did not match any entry in our database. We therefore selectively 

performed CID to generate diagnostic fragments, the mass spectrum of which is displayed 

in Figure 6.3(c). Using our IR database, we can assign the m/z 1095 fragment, which 

corresponds to the loss of one fucose, to the oligosaccharide LNH, shown in Figure 6.3(d). 

Furthermore, upon mobility separation of the m/z 876 fragment, which is composed of three 

hexoses, one GlcNAc and one fucose, we observe two isomeric structures, as shown in Figure 

6.3(e). Based on matches of their IR spectra with entries in our database, shown in Figure 

6.3(f), we identify these isomers as the two reducing-end anomers of the glycan Gal(β1-

4)[(Fuc(α1-3)]GlcNAc(β1-6)Gal(β1-4)Glc. Putting all this information together, we can assign 

the structure of the precursor (m/z 1241) as having an LNH backbone with a fucose α1-3 linked 

to the top branch GlcNac, which is MFLNH III. We thus add its IR fingerprint (shown in Figure 

6.3(b)), which we assigned without the need for a pure analytical standard for this isomer, to 

our database. 
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Figure 6.3. (a)ATD of m/z 1241 from human milk; (b) IR fingerprint of the highlighted peak 
in panel (a); (c) fragment mass spectrum of the highlighted peak in panel (a); (d) IR 

fingerprint of m/z 1095; (e) ATD of m/z 876 fragment after 10 m drift path; (f) IR fingerprint 
of both peaks in panel (e) (in color) compared with spectra from our IR database (in grey). 

Figure 6.4(a) displays the ATD of another HMO (m/z 1387) from the pooled milk sample, 

which after two cycles (20 m) of separation appears to consist of three major isomers. The IR 

spectrum of the intense peak arriving at 403 ms (Figure 6.4(b)) did not match those already in 

our database, and thus required application of our fragmentation scheme. Figure 6.4(c) shows 

the fragment mass spectrum of the mobility selected peak, and Figure 6.4(d) displays the ATD 

(one separation cycle) of the m/z 876 fragment, where we observe three features. Using 

cryogenic IR spectroscopy, we can assign the first two peaks in the ATD to the reducing-end 

anomers of the oligosaccharide Gal(β1-4)[(Fuc(α1-3)]GlcNAc(β1-6)Gal(β1-4)Glc and the 

third peak as LNFP I (i.e., Fuc(α1-2)Gal(β1-3)GlcNAc(β1-3)Gal(β1-4)Glc), the structures of 

which are shown in Figure 6.4(e and f), respectively. Both of these oligosaccharides feature a 

common lactose core (Gal(β1-4)Glc). The one shown in Figure 6.4(f) has Fuc(α1-2)Gal(β1-

3)GlcNAc connected to the non-reducing end of lactose via a β1-3 bond. This intact 

oligosaccharide is not found in human milk, but we had generated it as a fragment from a larger 

HMO and measured its IR spectrum. The structure in Figure 6.4(e) indicates a Gal(β1-

4)[(Fuc(α1-3)]GlcNAc branched from lactose via a β1-6 bond. Putting these together, we 

identify the precursor structure to be (Fuc(α1-2)Gal(β1-3)GlcNAc(β1-3)[Gal(β1-4)[(Fuc(α1-

3)]GlcNAc(β1-6)]Gal(β1-4)Glc), which is called DFLNH a and shown in the upper right hand 

corner of Figure 6.4. We thus add its IR fingerprint (Figure 6.4(b)) to our database without 

having had the need of a pure analytical standard for this species.  
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Figure 6.4. (a) Arrival time distribution of the HMO with m/z 1387 extracted from human 
milk after 20 m SLIM-IMS separation; (b) IR fingerprint of the highlighted peak in panel (a); 

(c) fragment mass spectrum of the highlighted peak in panel (a); (d) ATD of m/z 876 
fragment after 10 m IMS separation; (e) IR fingerprint of the first two peaks in panel (d) (in 

color) and their comparison with database spectra (in grey); (f) IR fingerprint of the third 
peak in panel (e) (red) and its comparison with database spectrum (grey). 

6.4 Conclusion 

We have combined IMS-CID-IMS with cryogenic IR spectroscopy to identify peaks in the 

arrival-time distributions of HMO isomers without having had analytical standards for the 

precursor molecules. We first applied our approach to LNDFH I to verify that we can determine 

the correct location of fucose residues. We then assigned features in the ATDs of HMOs from 

a pooled human milk sample with m/z 1241 and 1387 as corresponding to the isomers MFLNH 

III and DFLNH a, respectively, and expanded our IR database with their spectra. Future 

encounter of these molecules can then be identified by IR spectroscopy alone. The database is 

also expanded by fragmenting these oligosaccharide structures and acquiring the IR 

fingerprints of the fragments. 
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Chapter 7 Combining liquid chromatography and 
cryogenic IR spectroscopy in real time for the analysis 
of oligosaccharides4 
 

While the combination of liquid chromatography (LC) and mass spectrometry (MS) serves as 

a robust approach for oligosaccharide analysis, it has difficulty distinguishing the smallest 

differences between isomers. The integration of infrared (IR) spectroscopy as an additional 

analytical dimension can effectively address this limitation by providing a molecular 

fingerprint that is unique to each isomer. However, the direct interfacing of LC-MS with IR 

spectroscopy presents a technical challenge arising from the mismatch in the operational 

timescale of each method. In previous studies, this temporal incompatibility was mitigated by 

employing strategies designed to slow down or broaden the LC elution peaks of interest, but 

this workaround is only applicable for a few species at a time, necessitating multiple LC runs 

for comprehensive analysis. In the current work, we directly couple LC with IR spectroscopy 

by acquiring a spectrum in as little as 10 seconds. We have successfully demonstrated this 

approach on a commercially available human milk oligosaccharide product, acquiring spectral 

information of the eluting peaks in real time, thereby identifying both the specified constituents 

and non-specified product impurities.  

 

7.1 Introduction  
Traditional mass spectrometry-based approaches typically rely on a prior isomer separation 

step using liquid chromatography (LC),1, 2 ion mobility spectrometry (IMS),3, 4 or capillary 

electrophoresis (CE).5, 6 While the coupling of these techniques allows for the separation of the 

 

 

4 This chapter is based on the recently submitted publication “Abikhodr, A. H., Warnke, S., Ben Faleh, A., and Rizzo, T. R., Combining liquid 
chromatography and cryogenic IR spectroscopy in real time for the analysis of oligosaccharides.” Anal Chem. The content and figures were 
adapted with permission from the American Chemical Society. 
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components of complex mixtures, the challenge is in assigning their precise isomeric forms. 

The currently preferred strategy for analysis and identification often integrates these separation 

techniques with tandem-MS, which relies on the observation of isomer-specific fragments.7-11  

However, the capacity to discriminate between subtly different isomers remains a challenge, 

because their fragmentation patterns often exhibit only small changes in relative intensities. 

Such differences are often not universal and can depend on instrument conditions and 

platforms.  

To address this issue, a number of groups12-16 have explored the addition of a new analytical 

dimension – that of an infrared (IR) spectrum, which provides a unique molecular fingerprint 

for each molecule that can distinguish isomers. Because of the richness of information 

contained in an IR spectrum, particularly when performed at cryogenic temperatures, an 

analyte can be confidently identified when matched with a database spectrum without the need 

of database entries for all plausible isomeric forms. We have previously demonstrated the 

combination of cryo-IR spectroscopy with IMS-MS.17, 18 Because of the ubiquity of LC 

workflows and their importance for minimizing ion suppression affects in complex mixtures, 

the combination of LC with IR spectroscopy would be an important addition to the 

oligosaccharide analysis toolbox. However, the integration of IR spectroscopy with LC-MS 

has been fraught with technical challenges, predominantly due to the disparity in operational 

timescales between the methods. In previous implementations, recording an IR spectrum 

required tens of minutes, which is much greater than the widths of peaks eluting from a liquid 

chromatograph. To deal with this temporal incompatibility, past methods have either extended 

the elution time of LC peaks of interest or used online fractionation and re-injection at lower 

flow rates.19, 20 While the latter approach is promising, it is limited in its applicability, as it 

necessitates multiple LC runs for a comprehensive analysis, which can be impractical for large 

sample sets. 

Here we propose an approach that directly couples LC-MS with IR spectroscopy by reducing 

IR spectral data acquisition time to as little as 10 seconds, which allows obtaining the valuable 

molecular information while maintaining the high throughput of LC-MS.  We demonstrate this 

technique by applying it to a commercially available nutritional supplement for children that is 

specified to contain five human milk oligosaccharides. Within a single LC run, we have used 

IR spectra to identify the five expected commercial glycans in addition to impurities not 

specified by the supplier.  
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7.2 Experimental Methods 

7.2.1 Sample preparation 
A commercial nutritional supplement containing five human milk oligosaccharides (2’-FL, 

LNT, LNnT, 3SL, and 6SL) for children age 1+ was dissolved in water as instructed on the 

packaging. All samples were analyzed in the sodiated charge state to avoid fucose migration, 

which occurs in protonated species.21   

Prior to injection into the LC system, we diluted the sample 60-fold. Subsequently, the 

oligosaccharides were extracted using a two-step process involving C18 and porous graphitic 

carbon (PGC) solid phase exchange. For the C18 step, the cartridge was activated and 

equilibrated sequentially with 1 ml of methanol and water. Following activation, 1 ml of the 

sample was loaded onto the cartridge and the flow through was collected. Subsequently, the 

cartridge was subjected to three washes using 0.5 ml of water, with each wash fraction 

combined with the previously collected eluent. Moving on to the PGC solid phase exchange, 

the PGC cartridge was activated and equilibrated sequentially with 1 ml of 60% 

acetonitrile/water and water. The sample was then loaded onto the cartridge and washed three 

times with 0.5 ml of water. Following the washing steps, the glycans were released from the 

cartridge using 0.3 ml of a solution consisting of 50% acetonitrile, and this process was 

repeated three times. Finally, 50 μl of the resulting sample was directly injected into the LC 

system for analysis. 

7.2.2 Instrumentation 
All experiments were performed using an Acquity Premier UPLC system (Waters Corp.) 

coupled to our homebuilt instrument, shown in Figure 7.1.  

The PGC UPLC separation was conducted using a HypercarbTM column (150 × 0.5 mm, 5 μm, 

Thermo Scientific) at a flow rate of 600 μl/min. The sample was eluted from the column using 

a binary solvent system composed of Solvent A (0.1% formic acid in water) and Solvent B 

(0.1% formic acid in acetonitrile) at a temperature of 70°C. For separation of the glycan 

mixtures, an optimized gradient elution method was employed. The elution gradient proceeded 

as follows: a gradient of 100% to 40% of Solvent A was used for the first 60 minutes. 

Subsequently, the composition was gradually changed to 100%  Solvent A over the next 10 

minutes.  
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Our homebuilt instrument includes a cryogenic ion trap for performing infrared (IR) 

messenger-tagging spectroscopy which is connected to a time-of-flight (TOF) mass 

spectrometer (TOFWERK). The process begins with the molecules eluting from the PGC 

column, after which a separate flow of sodium acetate (10 μM) is added before the generation 

of ions through electrospray ionization (ESI) to facilitate the formation of sodiated species. 

They are then introduced into the instrument via a heated stainless-steel capillary maintained 

at 150°C. Initially, the ions are directed through a series of ion funnels and accumulated. 

Afterward, packets of ions with a duration of 1 ms are released and guided through multiple 

stages of differential pumping until they reach the cryogenic trap, which is maintained at a 

temperature of 45 K. The trapped ions are cooled by undergoing collisions with a mixture of 

helium and nitrogen in an 80:20 ratio, forming weakly bound clusters with N2. A continuous-

wave mid-IR laser (IPG Photonics) is then employed to irradiate the N2-tagged ions for a 

duration of 50 ms, at which point they are released and analyzed using the TOF mass 

spectrometer. Upon absorption of an IR photon, the energy is redistributed among the 

vibrational modes of the ions, leading to the dissociation of the nitrogen tag(s). By measuring 

the ratio between tagged and untagged ions at each laser wavenumber step, an IR fingerprint 

spectrum of the tagged species is obtained. A spectrum over the range of 3500-3700 cm-1 can 

be recorded in approximately 10 seconds. 

 

Figure 7.1. Schematic of the experimental setup. 
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7.2.3 Spectral comparison with an HMO IR fingerprint database 
We have previously measured infrared spectra of over 35 human milk oligosaccharides 

(HMOs), forming a database that allows us to directly detect the presence of these species in 

complex mixtures as intact molecules or as fragments of larger unknown molecules. 

We employ the Pearson correlation coefficient (PCC) to assess the similarity between the 

measured infrared (IR) spectra and those contained in our database. The PCC is a statistical 

method utilized to evaluate the linear relationship between two vector variables, and it yields a 

value within the range of -1 to 1. A coefficient approaching 1 indicates a robust positive 

correlation, while a value close to -1 suggests a strong negative correlation. A coefficient 

approximately equal to 0 suggests no substantial correlation between the variables. To 

determine the extent of similarity between our measured IR spectrum and each of the reference 

spectra within our database, we compute the PCC for each pair, which enables us to identify 

the most suitable match. 

7.3 Results and Discussion  

Identifying the main components 

A chromatogram of the major elution peaks of the commercial HMO sample is shown in Figure 

7.2. From the mass information one can determine the monosaccharide content of the major 

elution peaks (see figure caption for notation), and based on the specified product constituents, 

one can assume that elution peak 2 is 2’-FL, peaks 4 and 5 are some combination of 

LNT/LNnT, and peaks 6 and 7 are that of 3’-SL and 6’-SL. Other oligosaccharides which are 

not mentioned on the label are also present.  
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Figure 7.2. Total ion count (TIC) chromatogram of glycans eluting after PGC separation of 
the commercial HMO mixture. Above each peak of interest is the mass to charge ratio and 
the general monosaccharide makeup, with hexose units denoted by circles, deoxyhexoses 

shown as triangles, HexNAcs depicted as squares, and sialic acids are denoted as diamonds. 

To assign the retention peaks unambiguously, we acquired an IR spectrum of each of the major 

peaks. From comparison with the database spectra shown in gray, the elution peaks 2, 5, 6, and 

7 can be identified as 2’-FL, LNT, 3’-SL, and 6’-SL respectively, with their measured spectra 

shown in red. Here four of the five specified oligosaccharides were identified.  

While visual inspection would be sufficient to assign these spectra correctly, determining the 

Pearson correlation coefficient provides an objective quantitative measure of the assignment. 

If, for example, we were to take the spectrum of 3’-SL and compare it to the database spectrum 

for 6’-SL, it would give a PCC of 0.62, considerably lower than 0.8 for the assignment of 

Figure 7.3. One expects a certain degree of correlation between spectra of isomeric HMOs 

because they possess the same functional groups, in this case differing only by the orientation 

of the terminal sialic acid. However, if one compares the spectrum of 2’-FL with our database 

spectrum of 3’-FL, which differ by the attachment site of the fucose residue, it gives a PCC of 

0.22. The calculated PCC thus seems to be a robust measure of the spectral assignment. 

 

Figure 7.3. Messenger tagging IR depletion spectra of elution peaks 2, 5, 6, and 7 (in red) 
compared with the best identified fit.  

As for the final specified component, LNnT, peak 4 exhibits the correct mass, but as shown in 

Figure 7.4(a) it is broader than peak 5, which was identified as LNT.  We thus measured two 



 

 129 

IR spectra for this elution peak, one at the very beginning, highlighted in red, and one towards 

the end, highlighted in green. The two measured spectra shown in Figure 7.4(b) correspond to 

the α and β reducing-end anomers of the molecule LNnT, as suggested in previous work.12, 22 

Note that comparing the spectrum of anomer 1 with the database spectrum of anomer 2 would 

yield a PCC of 0.37 rather than 0.75 for the assigned spectrum. This demonstrates the extreme 

sensitivity of the infrared spectrum to primary structure.  

The spectroscopic match of these LNnT isomers further demonstrates that: 1) the timescale for 

the mutarotation reaction between the reducing end anomers is greater than the elution time; 

and 2) a PGC column has sufficient resolution to separate these isomers, which differ only by 

the orientation of the reducing-end hydroxy group. While this could be anticipated from our 

previous anomer-resolved infrared spectroscopy measurements,23 the ability to separate such 

subtly distinct isomers by liquid chromatograph is noteworthy. 



 

 130 

 

Figure 7.4. (a) Elution peak 4 on an expanded scale, highlighting the regions where a 
messenger tagging IR spectra were taken (red and green). (b) Messenger tagging IR depletion 
spectra of highlighted regions compared with the best identified fit using PCC identifying the 

constituent of each peak. 

In addition to the HMOs that were specified components of the commercial product, two 

additional molecules were identified. As shown in Figure 7.5, we can identify peaks 1 and 3 of 

the chromatogram of Figure 7.2 as difucosyllactose (DFL) and O-acetylated 2'-fucosyllactose, 

with the acetylation being on the sixth position of the glucose ring. While DFL is a human milk 

oligosaccharide, 6-O-acetylated 2'-FL is not found in human milk.  
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Figure 7.5. Messenger tagging IR depletion spectra of elution peaks 1, and 3 (in red) 
compared with the best identified fit using PCC identifying the constituent of each peak.  

Regarding the remaining small features observed in the chromatogram of Figure 7.2, no 

corresponding matches were found within our database. These peaks could, in principle, be 

identified using a CID-IR method as previously demonstrated as shown in the previous 

chapter.18, 24, 25 

7.4 Conclusion 
We have combined liquid chromatography with cryogenic infrared spectroscopy to facilitate 

the analysis of biomolecular structures. In this study, we demonstrate the utility of this 

approach through the analysis of a commercially available human milk oligosaccharide 

product. The identification of its constituent species was accomplished within a single liquid 

chromatography run, using real-time cryogenic IR spectroscopy together our expanding 

infrared spectroscopic database. 

The efficiency of this analytical procedure was significantly enhanced by eliminating the need 

for calibration of elution times via external standards. Moreover, we leveraged an automatic 

method that assigns the experimentally determined spectra by comparing them with all 

recorded spectra within our database to determine the most suitable match. 
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Chapter 8 Summary and future perspective 
The combination of ion mobility spectrometry with mass spectrometry has proven to be a 

powerful tool in glycan analysis. Adding a spectroscopic dimension to the analysis allows to 

generate isomer-specific IR fingerprints that can be used to build a database to unambiguously 

identify glycan isomers present in given mixture. In this work we aimed at increasing speed 

and throughput of this technique, in addition to increasing compatibility of gas-phase IR 

spectroscopy with liquid chromatography.  

This thesis first explores the effective identification of isomeric glycans within complex 

mixtures using a library of cryogenic IR spectra. High-resolution ion mobility is essential for 

creating a pure IR fingerprint database, but once established, moderate resolution IMS devices 

can aid in partial separation, reducing overlapping species for reliable IR spectral 

decomposition and isomer identification. The linear nature of IR spectra obtained by the 

messenger tagging technique and their high sensitivity to structural variations enable feasible 

identification. Shortening the IR scanning range can accelerate the process, and machine 

learning techniques could automate it.  

Next, the Hadamard-transform multiplexing approach presented here is particularly promising 

for analyzing complex mixtures with high isomeric complexity and can be implemented in 

various IMS–MS-spectroscopy setups, including IRMPD and UV spectroscopy. It enhances 

throughput for identifying molecular isomers in complex mixtures. Combining IMS-CID-IMS 

with cryogenic IR spectroscopy allows the identification of isomers even without analytical 

standards for precursor molecules. The database is expanded by fragmenting these structures 

and acquiring IR fingerprints of the fragments. 

Finally, the combination of liquid chromatography with cryogenic infrared spectroscopy 

streamlines biomolecular structure analysis, exemplified by studying a human milk 

oligosaccharide product. With our ability to measure a spectrum in approximately 10 seconds, 

identification was accomplished within a single liquid chromatography run via an automatic 

matching method based on our expanding IR spectroscopic database.  

Future directions of this research could encompass multiple aspects. Initially, expanding the 

infrared spectral database will be necessary to make this a generally useful analytical tool. 

Although our fragmentation identification approach, described in Chapter 6, is robust and 
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shows potential, this approach assumes the availability of the building block molecules within 

our database, and the gas-phase fragmentation techniques’ ability to yield those building blocks 

found in our database. 

In this work we have used two methods for the automated identification of molecules via their 

IR spectra—Root Mean Square Deviation (RMSD) and the Pearson Correlation Coefficient. 

While these methods have been applied “manually” by a user, the integration of machine 

learning algorithms and user-friendly interfaces could completely automate this process. This 

will be not too dissimilar from comparing retention times and mass-to-charge ratios to an 

established database as commercial LC-MS software currently does, however as an intrinsic 

fingerprint of the molecule, the IR spectrum provides a more robust identifier, which is 

insensitive to experimental conditions. 

Similarly, our fully online LC-MS-IR analysis currently requires manual intervention, as user 

input is required to start the spectrum acquiring once a peak of interest arrives. This could be 

incorporated into existing LC-MS software that can monitor signal intensity, and once a certain 

threshold is reached, a command for scanning the laser is issued. This will allow for the 

integration of this technique into routine LC-MS work flows.  

Lastly, the spectroscopic range used within this thesis primarily spans the mid-IR domain, 

extending from 3200 cm⁻¹ to 3800 cm⁻¹. This constraint leaves us incapable of identifying 

molecules that have no vibrational bands in this region. Extending our wavelength region to 

cover 5-10 μm (1000-2000 cm-1) would enable the application of our technique to a wide array 

of metabolite molecule classes. 

This thesis underscores the feasibility of utilizing cryogenic IR spectra for isomer 

identification, with potential applications in various analytical techniques, and highlights the 

successful development of methodologies for accurate and efficient identification of complex 

mixtures. 



 

Acknowledgements 
﷽ 

It feels like just yesterday when I arrived in Lausanne to embark on my PhD journey in May 

2019. What once felt like an insurmountable challenge is now drawing to a close. The hardships 

I encountered along the way have transformed into cherished memories and invaluable 

friendships that I hold dear. 

Leaving behind everything and everyone I had known and grown up with to pursue my PhD at 

EPFL was no easy decision. However, fate smiled upon me as I met my now wife, and found 

an incredible research group to collaborate with. These circumstances allowed me to build a 

family while pursuing my dream of attaining a PhD. 

As I stand at the end of this academic road, I must acknowledge that none of this would have 

been possible without the unwavering support of my parents, Hassan and Sama, my younger 

sister, Esraa, my brother-in-law, Oussama, and my baby sister, Amar, though she is no longer 

a baby. You have all been my pillars of strength, consistently encouraging me to chase my 

dreams and surmount every obstacle while remaining grounded in faith. Your unconditional 

love and unwavering support have been the bedrock of my journey, and for this, I am eternally 

grateful. I owe you my past, my present, and my future. 

I want to extend my deepest gratitude to my second family, Fawaz and Suzanne, as well as 

their children, Ali, Zeina, and Lea. You opened your hearts to me and offered comfort, 

particularly during those times when I felt homesick. Living with you all during the challenges 

of the COVID-19 pandemic was a source of great support and stability, especially those nights 

we would stay up playing games. You were my guiding lights here in Switzerland, and together 

we explored all that this beautiful country has to offer. 

To my uncle Ramez and his wife Afkar, with whom I spent most of my undergraduate years, 

you have been my second family. I cherish the memories we created especially with my 

cousins, Zahraa, Amir, Mohammad, and Mahdi. Your unwavering support has molded me into 

the person I am today. Special gratitude goes to my college roommate, Amir, whose belief in 

my potential has been a constant source of motivation. 



 

138 

To my uncle Ali and your son, my dear big brother, Mohammad Ali, I hold close all that I've 

learned from you. You have been the steadfast backbone behind my achievements thus far. I 

carry a deep sense of indebtedness for your boundless generosity and will forever hold gratitude 

in my heart for everything you've done for me. Hamoudy, you are the true driving force behind 

my accomplishments. No words can adequately express the depth of my gratitude and sincerity 

towards you. 

To my uncle Mohammad, I want to express my heartfelt gratitude for all the gifts you've been 

surprising me with since the day I was born. I'll never forget the joyous days we spent together 

at grandma's house with the whole family, and it's all thanks to your thoughtful gestures and 

warm-heartedness.  

To my beloved grandma, Zeinab, I wish you were still with us to witness this accomplishment. 

You reside forever in my heart and prayers, until the day we reunite. May you be blessed by 

God. 

My gratitude extends to my extended paternal family—uncles, aunts, and cousins—for the days 

of joy, laughter, and the invaluable role you played in my upbringing. Friday nights at 

grandma's were blessings we sometimes took for granted. I love you all dearly. 

To my extended maternal family in Lebanon and my grandparents, Hassan and Nova, thank 

you for the wonderful summers and memorable adventures. You taught me the importance of 

being true to myself and voicing my thoughts. Auntie Amal, you are a second mother to me, 

and your son Ali, will forever be my brother. 

Lastly, to you, my cherished wife, Alina, my partner in life.. My life transformed the day I met 

you, and you became my inner voice and my sanctuary. Your presence was a significant factor 

in my decision to embark on this academic journey in Switzerland, to be closer to you. The 

twinkle in your eyes and the warmth of your smile when we are together are the highlights of 

my day. My love for you knows no bounds, especially now that we have Ivy, our beautiful baby 

girl. You are my anchor during turbulent times and the driving force behind my best efforts. 

This thesis journey is as much yours as it is mine, as you have been by my side every step of 

the way. Your love is my constant. 

I am deeply grateful to my undergraduate professor, Mary T. Rodgers, who introduced me to 

the fascinating world of analytical/physical chemistry and mass spectrometry. Her exceptional 



 

139 

personality and scientific guidance played an instrumental role in bolstering my confidence 

and inspiring me to pursue a PhD. 

I owe a debt of gratitude to my esteemed professor, Thomas Rizzo, whose mentorship has been 

a wellspring of inspiration. Your unwavering dedication to pushing the boundaries of 

knowledge and your unwavering support in the lab have been transformative. I remember 

moments when experiments didn't go as planned, and your guidance and words of 

encouragement rekindled our determination to persevere. I am incredibly fortunate to have had 

the privilege of learning from you. Your kindness, and support have made our time together 

unforgettable. Thank you for your generosity in welcoming us to your home with your wife, 

Karen, for delightful BBQ gatherings. 

On my first day of this PhD journey, I joined forces with Vasyl Yatsyna. He is perhaps the most 

kind-hearted person one could ever meet, and our connection evolved from strangers to 

colleagues to friends. He was instrumental in my success during this thesis, imparting 

invaluable knowledge on problem-solving, experimental design, and patience during 

experiments. His willingness to address my numerous questions with meticulous attention to 

detail has my deepest appreciation. I extend my thanks and wish him a bright future in his new 

endeavors. 

Next, I must acknowledge Stephan Warnke and Ahmed Ben Faleh, the dynamic lab duo who 

were my constant companions throughout most of my thesis. Our professional relationship 

quickly grew into a personal friendship, and I learned a great deal from both of you. Your 

brilliance made my lab experience enjoyable and exhilarating. Thank you for your guidance 

and assistance throughout my thesis, and I eagerly anticipate the next chapter in our shared 

journey. 

I am profoundly grateful to the remaining members of my lab at LCPM: Eduardo, Irina, 

Robert, Priyanka, Natalia, and Lei. You all played pivotal roles in shaping my research 

experience, and your collective wisdom, collaborative spirit, and unwavering support were 

essential to the successful completion of this thesis.  

To Angeles Alarcon, who not only handled administrative matters but also knew how to bring 

a smile to my face during stressful times, I extend my gratitude. Your presence was a source 

of comfort. 



 

140 

My thanks also goes to the esteemed members of my thesis jury: Prof. Rainer Beck and Prof. 

Sandrine Gerber from EPFL, Prof. Kevin Pagel from Freie Universität Berlin, and Prof. Jos 

Oomens from Radboud University Nijmegen. Your insightful feedback and constructive 

criticism have been invaluable in refining my work and enhancing its academic rigor. 

This thesis represents the culmination of the collective efforts, support, and encouragement of 

all those mentioned above, and I am deeply appreciative of each and every one of you. 


