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Abstract 
 

Structural analysis of biomolecules is essential to understanding biological processes and develop-

ing therapeutics. Among the various classes of biomolecules, glycans have gained significant atten-

tion over the last decade due to their ubiquitous roles in biological systems. Despite their im-

portance, study of glycans has lagged behind that of other biological molecules due to the slow de-

velopment of appropriate analytical tools. Even a small variation in the chemical structure can pro-

foundly affect their biological functions, making detailed glycan characterization of utmost im-

portance. However, they have a high degree of inherent structural complexity arising from the iso-

meric nature of the monosaccharide building blocks, the possibility of various linkage sites, each 

with potential α- or β-stereochemistry, and the possibility of branching. Conventional analytical 

approaches often do not provide complete structural information of glycans, implicating the need to 

develop new tools. 

This thesis presents a new tool for analyzing glycans by combining three techniques: ultrahigh-

resolution ion mobility spectrometry (IMS), collision-induced dissociation (CID), and cryogenic 

infrared (IR) spectroscopy. The approach enables one to perform CID of mobility-separated species 

and further IMS separation of isomeric fragments prior to measuring their IR fingerprint spectra. 

This would help build a spectroscopic database for identifying fragments, which can then be used to 

reconstruct the precise isomeric form of the parent glycan. 

The first part of this thesis describes the incorporation of fragmentation capabilities into a pre-

existing home-built instrument that combines ultrahigh-resolution IMS using structures for lossless 

ion manipulations (SLIM) and cryogenic IR spectroscopy. We report the design of the first  

SLIM-IMS-CID device containing a series of on-board traps to perform fragmentation at millibar-

range pressures and further mobility separation of the resulting fragment isomers. We then charac-

terize the on-board CID process by comparing the fragmentation pattern of a pentapeptide to that 

obtained from a commercial mass spectrometer. Furthermore, we demonstrate the approach com-

bining SLIM-based IMS-IMS with cryogenic IR spectroscopy allows us to identify isomeric frag-
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ments generated from human milk oligosaccharides, including the anomericity of the glycosidic 

linkage, making it a powerful tool for glycan analysis. 

In the following part, we present a strategy based on our approach to identify positional isomers of 

N-glycans for which isomerically pure standards are difficult to obtain. It is based on generating 

structurally diagnostic fragments specific to each isomer and comparing their IR fingerprints to a 

database of small commercially available standards. This method can be employed to populate a 

spectroscopic database by adding the IR fingerprints of newly-identified structures. These structures 

can also serve as diagnostic fragments generated from yet larger glycans. Using a similar approach, 

we identify reducing-end anomers of a selection of N-glycans by identification of their Y-fragments 

via comparison of their IR fingerprints to those of small analytical standards. Using the IR spectra 

of newly-identified anomers to identify those of larger glycans then eliminates the need for a refer-

ence in every case. This work demonstrates the potential of an IR fingerprinting approach for gly-

can analysis without heavy reliance on the availability of analytical standards. 

The last part of the thesis focuses on developing an approach combining tandem ion mobility spec-

trometry (IMS)n with cryogenic IR spectroscopy, where mobility-separated ions can be re-trapped, 

fragmented, and mobility-separated multiple times before spectroscopic interrogation until a posi-

tive spectral match is found. Successful implementation of SLIM-based (IMS)3 combined with cry-

ogenic IR spectroscopy enables reconstruction of parent glycan structures through identification of 

second-generation fragments using their IR spectra. 

Keywords: Ion mobility spectrometry, cryogenic infrared spectroscopy, collision-induced dissocia-

tion, SLIM-based IMS, tandem ion mobility, positional isomers, glycan anomers. 
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Résumé 
 

L'analyse structurelle des biomolécules est essentielle à la compréhension des processus biologiques 

et au développement de nouvelles thérapies. Parmi les différentes classes de biomolécules, les gly-

canes ont suscité une attention particulière au cours de la dernière décennie en raison de leur rôle 

omniprésent dans les systèmes biologiques. Malgré leur importance, l'étude des glycanes a pris du 

retard par rapport à celle d'autres molécules biologiques en raison de la lenteur du développement 

d'outils analytiques appropriés. Même une petite variation dans la structure chimique peut affecter 

profondément leurs fonctions biologiques, ce qui rend la caractérisation détaillée des glycanes de la 

plus haute importance. Cependant, ils présentent un degré élevé de complexité structurelle inhérente 

découlant de la nature isomérique des blocs de construction monosaccharides, de l’existence de 

divers sites de liaison (ces derniers pouvant avoir à leur tour une α- ou β-stéréochimie potentielle) 

etde la possibilité de différentes ramifications. Les approches analytiques conventionnelles ne four-

nissent souvent pas d'informations structurelles complètes sur les glycanes, ce qui implique la né-

cessité de développer de nouveaux outils. 

Cette thèse présente un nouvel outil d'analyse des glycanes en combinant trois techniques: la spec-

trométrie de mobilité ionique (IMS) à ultra-haute résolution, la dissociation induite par collision 

(CID), et la spectroscopie infrarouge (IR) cryogénique. Cette approche permet d'effectuer la CID 

des espèces séparées par mobilité et la séparation IMS des fragments isomères avant de mesurer 

leurs empreintes IR. Cela permet de construire une base de données spectroscopiques pour identifier 

les fragments, qui peut ensuite être utilisée pour reconstruire la forme isomérique précise du gly-

cane parent. 

La première partie de cette thèse décrit l'incorporation de la fragmentation ionique dans un instru-

ment interne préexistant qui combine l'IMS à ultra-haute résolution en utilisant des structures pour 

la manipulation ionique sans perte (SLIM) et la spectroscopie IR cryogénique. Nous présentons la 

conception du premier dispositif SLIM-IMS-CID contenant une série de pièges intégrés pour effec-

tuer la fragmentation à des pressions de l'ordre du millibar et la séparation de la mobilité des iso-

mères des fragments résultants. Nous caractérisons ensuite le processus CID intégré en comparant 
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le schéma de fragmentation d'un penta-peptide à celui obtenu par un spectromètre de masse com-

mercial. De plus, nous démontrons que l'approche combinant l'IMS basée sur le SLIM avec la spec-

troscopie IR cryogénique nous permet d'identifier les fragments isomériques générés à partir d'oli-

gosaccharides de lait humain, y compris l'anoméricité de la liaison glycosidique, ce qui en fait un 

outil puissant pour l'analyse des glycanes. 

Dans la partie suivante, nous présentons une stratégie basée sur notre approche pour identifier les 

isomères positionnels des N-glycanes pour lesquels des standards isomériquement purs sont diffi-

ciles à obtenir. Elle est basée sur la génération de fragments spécifiques à chaque isomère, diagnos-

tiques de leurs structures, et la comparaison de leurs empreintes IR à une base de données de petits 

standards disponibles dans le commerce. Cette méthode peut être utilisée pour étendre la base de 

données spectroscopiques en ajoutant les empreintes IR de structures nouvellement identifiées. Ces 

structures peuvent également servir de fragments spécifiques générés à partir de glycanes encore 

plus grands. En utilisant une approche similaire, nous identifions les configurations de l'extrémité 

réductrice d'une sélection de N-glycanes par l'identification de leurs fragments Y via la comparaison 

de leurs empreintes IR à celles de petits standards analytiques. L'utilisation des spectres IR des con-

figurations nouvellement identifiées pour identifier celles de plus grands glycanes élimine alors le 

besoin d'une référence dans chaque cas. Ce travail démontre le potentiel d'une approche d'empreinte 

IR pour l'analyse des glycanes sans dépendre fortement de la disponibilité de standards analytiques. 

La dernière partie de la thèse se concentre sur le développement d'une approche combinant la spec-

trométrie de mobilité ionique (IMS)n en tandem avec la spectroscopie IR cryogénique, où les ions 

séparés par mobilité peuvent être piégés, fragmentés et séparés par mobilité plusieurs fois avant 

l’analyse spectroscopique jusqu'à ce qu'une correspondance positive soit trouvée dans la base de 

données. La mise en œuvre réussie de l’IMS3 basé sur le SLIM combiné à la spectroscopie IR cryo-

génique permet de reconstruire les structures des glycanes parents par l'identification des fragments 

de seconde génération en utilisant notre base de données spectroscopiques. 

Mots clés : Spectrométrie de mobilité ionique, spectroscopie infrarouge cryogénique, dissociation 

induite par collision, SLIM-based IMS, mobilité ionique en tandem, glycanes, isomères positionnels 

de glycanes, anomères de glycanes. 
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 Introduction 
 
Carbohydrates represent a large and important class of biomolecules that have many names: sugars, 

oligosaccharides, polysaccharides, and glycans. Glycans are sugar-based polymers that decorate the 

outer surface of cells in nearly all organisms. They can be found either in free form or attached to 

other biological molecules (such as peptides, proteins, and lipids) to form more complex structures 

known as glycoconjugates. The enzymatic process responsible for the attachment of glycans to ano-

ther molecule is known as glycosylation, and it is the most common post-translational modification 

of proteins in almost all living organisms. Glycans are essential for cell structure and function and 

play a key role in a multitude of biological processes ranging from cell-to-cell recognition and cell 

adhesion, to inflammatory and immune response.1,2  

Sugars are important components of everyday foods. Glucose is a simple sugar that serves as a pri-

mary energy source needed by all cells and organs in our bodies. It is essential to life but also central 

to disease. Irregular metabolism of glucose causes diabetes. Very high glucose concentrations can 

cause organ damage, and extremely low concentrations can lead to unconsciousness and sudden 

death. Glycans also play a key role in promoting human health through gut microbiota. Our gut lining 

is covered with glycans that impact the interaction between the host body and the microbiota. Any 

changes in the glycan structure can potentially cause diseases and infections.3 Recent studies have 

shown the potential use of human milk oligosaccharides (HMOs) to restore and promote gut health.4 

HMOs make up to 10% of the solids in human milk and provide many benefits in infant development, 

including resistance to infection. This makes it essential to characterize such structures that can be 

added to formula milk to improve infant health.5 

The ABO blood types are defined based on the presence or absence of specific antigens on the mem-

brane of human red blood cells. These antigens are terminal neutral glycan sequences.6 Glycans play 

a critical role in molecular recognition, activating the immune system when needed by guiding white 

blood cells to the site of infection. This is clearly evident in the case of the influenza virus, which 

attaches to human host cells by recognizing and binding with certain glycans present on the cell sur-

face, causing infection. The immune system learns to recognize the glycan coat of viruses and 
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displays adaptive defense mechanisms.1 These examples illustrate that glycans present on the surface 

of various types of cells control a variety of fundamental biological processes. This also makes them 

a useful target for new biotherapeutics and vaccines and as biomarkers for diseases such as cancer. 

The various roles of glycans in health and disease are summarized in Figure 1.1. 

 

 

 

 

Figure 1.1: Roles of glycans in health and disease. 

 

The characterization of glycans is crucial to understanding the biology underlying health and disease. 

Many analytical techniques have been developed for their structural elucidation and characterization. 

However, glycans represent one of the most difficult classes of molecules to analyze due to their 

inherent isomeric complexity. 
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1.1 Inherent isomeric complexity of glycans 

Glycans are composed of monosaccharide building blocks linked together by chemical bonds in a 

variety of ways. Unlike proteins and nucleotides, glycan biosynthesis is not template driven (i.e., the 

sequence of a glycan is not encoded in the genome). They are produced by the coordinated activity 

of various biosynthetic enzymes. The building blocks of proteins and nucleic acids, amino acids and 

nucleotides, respectively, are linked together in a linear fashion, and their structural diversity is mostly 

achieved by varying primary sequences. In contrast, the complexity of glycans largely reflects the 

multiple ways in which their monosaccharide building blocks can be assembled. 

The isomeric complexity of glycans results from the following factors: 

1. Monosaccharide composition. The monosaccharide building blocks of glycans are isomers 

and often differ only in the stereochemistry at a single carbon atom, as in the case of glu-

cose, mannose, and galactose (see Figure 1.2(a)). 

 

2. Linkage position. Monosaccharides are linked through glycosidic bonds, and the variety of 

possible linkage positions leads to an additional layer of isomeric complexity (see Figure 

1.2(b)). 

 

3. Linkage type. A stereocenter is generated upon the formation of a glycosidic bond, leading 

to α and β anomers (see Figure 1.2(c)). 

 

4. Branching: Monosaccharides can form more than one glycosidic linkage, leading to the pos-

sibility of branched structures (see Figure 1.2(d)). 

 

In addition, glycans can be further modified by sulfation or acetylation. Each of the above-mentioned 

factors can play a highly specific role. A classic example can be found in the case of influenza. He-

magglutinin of influenza subtype H1N1 binds to an a(2,6) sialic acid, which is the predominant sialic 

acid found in the upper respiratory tract of humans. In contrast, the avian subtype H5N1 binds to an 

a(2,3) sialic acid, but not to a(2,6). This receptor specificity has the important implication that the 

avian H5N1 is less contagious among humans.7,8  
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Figure 1.2: Isomeric complexity of glycans resulting from (a) monosaccharide composition, (b) differ-

ent linkage positions, (c) different linkage type, and (d) branching. 
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Ten different monosaccharides are commonly observed in mammals, as shown in Figure 1.3.9  Given 

the multiple sources of isomeric complexity, more than 1x1012 distinct glycan structures are possible 

for a hexasaccharide, with each potentially having a different function.10  

To completely define the primary structure of a glycan, the monosaccharide composition, glycan 

sequence, location of functionalization sites, anomericity of each glycosidic linkage, and branching 

pattern must all be determined, which requires extremely powerful tools. As described below, the 

main focus of this thesis is the development of such tools. 

 

 

Figure 1.3: Monosaccharide units found in mammals. All monosaccharides are shown as free reduc-

ing sugars. 
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1.2 Nomenclature 

Until the 1970s, glycans were represented as chemical structures or using standard abbreviations ap-

proved by the International Union of Pure and Applied Chemistry (IUPAC). However, given the 

complexity of glycan structures, their representation becomes difficult, and several methods have 

been developed to represent them using symbolic graphics. Tabas and coworkers originally devised 

a simple model for representing glycans in which monosaccharides are denoted using geometric sym-

bols, and glycosidic linkages are represented using a simple line.11,12 The model was later modified 

to incorporate color, and anomeric and linkage information were represented in the text next to a line 

connecting colored symbols.13 The new notation was approved by the Consortium for Functional 

Glycomics (CFG) and has come to be known as the CFG nomenclature.14 The symbolic representa-

tion of monosaccharides, and an example of a glycan structure in CFG notation is depicted in  

Figure 1.4 (a) and (b), respectively. The Oxford Glycobiology Institute (UOXF) adopted a different 

way to represent anomeric linkage information without using text next to the glycosidic bond (see 

Figure 1.4(c)). Here the linkage position is represented by the orientation of the monosaccharide, and 

the anomeric state of a glycosidic bond is represented by a dashed or a continuous line. The CFG 

notation is currently widely used by the glycobiology community and has been employed throughout 

this thesis. A hybrid notation of CFG symbols and UOXF linkage notation, (Figure 1.4 (d)) has also 

been proposed and has been used in Chapters 4 and 8 of this thesis. 
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Figure 1.4: (a) Symbolic representation of monosaccharides in the notation used by the Consortium 

for Functional Glycomics (CFG). (b) Example of a structure using CFG notation. (c) Representation 

of same structure in the notation introduced by the Oxford Glycobiology Institute (UOXF). (d) CFG 

hybrid notation with placement of monosaccharides with respect to linkage position.  
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1.3 Structural classes of glycans 

Glycans can exist either as free molecules or be covalently attached to other biological molecules to 

form glycoconjugates. HMOs are an example of unconjugated glycans that are highly abundant in 

human milk.4,15 In eukaryotes, glycoproteins and glycolipids are the most important classes of gly-

coconjugates formed by attachment of glycans to proteins and lipids, respectively, as shown in Figure 

1.5.16 Glycans linked to nitrogen and oxygen sites of amino acid residues in glycoproteins are called 

N-glycans and O-glycan respectively. Since N-glycans are the main analytical targets addressed in 

this thesis, they will be discussed in more detail in the next section. 

Proteoglycans are a major class of glycoproteins formed by attachment of long glycosaminoglycan 

(GAGs) chains, as shown in Figure 1.5. GAGs are heteroglycans whose structures consist of repeated 

disaccharide units of an amino sugar (GalNAc, GlcNAc) and an acidic sugar (GlcA, IdoA) with the 

further possibility of sulfation. GAGs such as hyaluronan, heparan sulfate, and chondroitin sulfate 

are prominent components of the extracellular matrix, where they promote cell growth and act as cell-

surface receptors.17 Hyaluronan, having the simplest structure of all GAGs, is a non-sulfated glycan 

consisting of sequentially bound glucuronic acid and N-acetylglycosamine residues.18 It is distributed 

throughout connective, epithelial, and neural tissues, and therefore plays a major role in tumor pro-

gression and wound healing.19,20  

Glycolipid are another major class of glycans. These are present abundantly in the cellular membrane 

and consist of a lipid moiety attached to glycan that extends into the extracellular space. An example 

of this particular class of glycans are glycosylphosphatidylinositol anchors (GPI), which help localize 

proteins in the cell membrane. In humans there are at least 150 GPI-anchored proteins that serve a 

variety of functions such as receptors, enzymes, and adhesion molecules, for example.21 O-Glc-

NAcylated cytoplasmic and nuclear proteins play important roles in tumorigenesis, aging, and neu-

rogenerative diseases and influence protein activity, translation, and transcription.22,23 
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Detailed knowledge of these glycan structures is needed to correlate them to their respective function, 

and this requires an array of different methods. In this thesis, we will present a new method for glycan 

analysis which specifically targets N-glycans. Proof-of-principle experiments have also been done 

using HMOs, which will be presented in Chapters 4 and 8. 

 

 

 

Figure 1.5: Major structural classes of glycans and glycoconjugates in eukaryotes. 
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1.4 Glycan biosynthesis 

The central dogma of molecular biology by which genetic instructions in DNA are converted into 

functional proteins is well understood. After a protein is expressed, it requires post-translational mod-

ifications for its proper functioning. The terminal step is often the attachment of glycans, which is 

known as glycosylation. These glycans fine-tune the functions of proteins, such as their folding, their 

steric protection from proteolytic degradation, and the regulation of protein-protein interactions.24-26 

About 70% of mammalian proteins are glycosylated. Glycans are attached to proteins via ‘N’ or ‘O’ 

linkages, with N-glycosylation being more common. N-glycans are attached to an asparagine (Asn) 

amino acid residue, whereas O-glycans are attached to serine (Ser) or threonine (Thr). 

The biosynthesis of N-glycans begins with the synthesis of a Glc3Man9GlcNAc2 glycan precursor in 

the endoplasmic reticulum (ER), which is then transferred to an Asn residue of a newly synthesized 

protein.27-29 A series of glycosidases and glycotransferases then modify the precursor to generate dif-

ferent glycan types. First, the glucose units are trimmed, and the resulting glycan mediates protein 

folding.30 The removal of a mannose residue from the central arm serves as a checkpoint where the 

misfolded proteins undergo degradation or are transported to Golgi.24 Once the desired protein folding 

finishes, the glycoproteins migrate into the Golgi apparatus, where a group of specific glycotransfer-

ases cause removal of mannose groups and addition of various monosaccharides to the glycan sub-

strate, resulting in unique N-glycan structures, as shown in Figure 1.6.16,28,31 These can be broadly 

categorized into three types: high mannose, complex, and hybrid.  
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All N-glycans share a common pentasaccharide core, Man3GlcNAc2, composed of three mannose 

and two GlcNAc moieties, as shown in Figure 1.7. High mannose glycans consist of unsubstituted 

terminal mannose sugars and can have between five to nine mannose residues attached to diacetyl-

chitobiose (GlcNAc2). In complex type glycans, both terminal mannose residues of the common pen-

tasaccharide core are modified with GlcNAc, galactose, and sialic acid residues. Hybrid glycans 

Figure 1.6: A schematic of biosynthesis of N-glycans.  
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contain both unsubstituted mannose residues and those substituted with GlcNAc. The side of the 

glycan that has a terminal sugar (GlcNAc in case of N-glycans) with the free anomeric carbon is 

called the reducing end. The hydroxyl group attached to the free anomeric carbon can exist in either 

axial or equatorial configuration, producing reducing-end ɑ and β anomers. The opposite side of the 

glycan is called the non-reducing end. Additional modifications such as addition of a fucose residue 

on GlcNAc at the reducing-end and/or addition of a bisecting GlcNAc to β-mannose residue of the 

common pentasaccharide core is also possible. 

 

 

Figure 1.7: Common N-linked glycan types. 

Compared to the N-glycans, O-glycans are structurally more diverse. In mammals, the most com-

monly observed are mucin-O glycans. Their biosynthesis starts by the attachment of a GalNAc mon-

osaccharide to either a Ser or Thr of a fully folded protein. This step can be performed by several 

polypeptide-N-acetyl-galactosaminyltranferases depending upon the cell type and peptide that is to 

be glycosylated.32  There are eight different core structures for mucin-type O-glycans, which can be 

further extended with other monosaccharides such as sialic acid, Fuc, and/or repeating units of 

Galβ1,4GlcNAc in a sequential manner by the corresponding enzymes.16,33 In addition, they can be 

decorated with other modifications like sulfation. In contrast to N-glycans, the pre-processing and 

post-processing that involves trimming of existing glycan structures does not occur. The biosynthesis 

of O-linked glycans occurs entirely in Golgi apparatus.  

 



Introduction 

 

 

 
13 

1.5 Biological roles of N-glycans  

Glycans are essential for all forms of life. Surfaces of all eukaryotic cells are covered with a glycan 

coat known as glycocalyx. Everything approaching the cell, be it another cell, a microorganism, or a 

protein has to interact with the glycan coat, and this has important implications.34  

Glycans play an important role in virus attachment to target receptor cells. The COVID-19 pandemic 

was caused by the SARS-CoV-2 coronavirus. The host-pathogen interaction mediated by glycans 

present on the surface of the spike protein of SARS-CoV-2 enables cell entry and membrane  

fusion.35-37 The same glycan shield on the surface of the virus also protects it from being detected by 

the immune system. It is clear that understanding the structure of these glycans is key for vaccine 

design strategies.38,39  

Abnormalities in the synthesis of glycans are often linked to various health conditions such as neuro-

degradation, autoimmune diseases, or genetic defects such as congenital disorders of glycosylation 

(CDG).40-45 There has been increasing evidence that alteration in glycosylation is a hallmark of cancer 

development and progression,1,43,46,47 making glycans a promising target to develop novel cancer 

therapeutics.48-50  

Monoclonal antibody (mAb) drugs, most of which are based on immunoglobulin (IgG ; an antibody 

used by the immune system to neutralize pathogens), are used increasingly for the treatment of a wide 

range of diseases including cancer and autoimmunity.51,52 N-glycosylation of mAbs can affect their 

pharmacokinetics, pharmacodynamics, and immunogenicity making it as a critical quality  

attribute.53-55 With the increasing use of these biotherapeutics, it has become essential to understand 

the structure and function of the glycans attached to mAbs. 

The biological and medical relevance of glycans has therefore motivated biologists and chemists to 

study glycan structure and their functions. However, the various levels of isomeric complexity have 

hindered the advancement of the field of glycomics in comparison to other fields such as genomics 

and proteomics. In recent years, various novel techniques have emerged to decipher the complexity 

of glycans, which are discussed in the next section. 
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1.6 Approaches for glycan analysis 

Over the past two decades, it has become increasingly clear that glycans are of great biological and 

medical relevance. One may ask: “Why has the field struggled to advance in comparison with other 

disciplines?” It is not because of the lack of desire to understand the role of glycans in biology and 

medicine, but rather the various technological challenges for glycan analysis. The inherent complex-

ity of glycans has led to the use of various experimental approaches to decipher the ‘glycocode’. This 

section describes conventional approaches used for glycan analysis and their limitations. 

The monosaccharide composition and sequence, the linkage position and stereochemistry, the branch-

ing pattern (if any), and the anomericity of the reducing-end OH have to be determined to completely 

define the primary structure of a glycan. Nuclear magnetic resonance (NMR) and X-ray crystallog-

raphy can be extremely valuable for glycan structural determination, but they require large amounts 

of highly purified samples, which are often challenging to obtain.56 

While there are various glycoproteomic approaches to determine primary glycan structure, we focus 

on analyzing the glycans released from glycoproteins. The most common method for releasing  

N-glycans is enzymatic digestion using peptide-N-glycosidase F (PNGase F).57 There are also various 

other endoglycosidases available having specificity for different glycan types.58 Release of O-glycans 

is more challenging due to the diversity of core structures and lack of enzymes. Therefore, various 

chemical release methods have been employed, with the b-elimination approach or hydrazinolysis 

being the most common.59,60 

Glycan sequencing using exoglycosidases is a powerful technique for obtaining structural infor-

mation for the released glycans.61-65 Exoglycosidases selectively cleave the glycosidic bond of mon-

osaccharide units at the non-reducing end, and sequential digestion by different enzymes can be used 

to determine the complete structure of a glycan. The most commonly used enzymes are sialidases, 

galactosidases, and fucosidases. However, the approach is highly dependent on the specificity of 

available enzymes. It is often used in conjunction with separation techniques such as capillary elec-

trophoresis (CE), anion exchange chromatography, porous graphitic carbon chromatography (PGC), 

or hydrophilic interaction liquid chromatography (HILIC) to validate glycan structures. The detection 

method used in liquid chromatography (LC) separations is either based on ultraviolet (UV) absorption 

or fluorescence, which requires glycans to be derivatized using UV chromophores or fluorescent la-

bels.  
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1.6.1 Mass spectrometry of glycans 

Mass spectrometry (MS), which distinguishes ions based on their mass-to-charge ratio (m/z), is one 

of the most important methods for structural characterization of native glycans due to its speed and 

sensitivity.66-68 Simple MS is blind to isomers and cannot be used as a standalone method for glycan 

analysis. However, ions of a specific m/z can be selected and fragmented to provide information about 

the parent ion structure. It can either be a single-stage fragmentation, or a sequential and controlled 

re-fragmentation of previous generation fragments, also known as tandem mass spectrometry (MSn), 

where the superscript n represents the number of sequential fragmentation steps. Glycans undergo 

two main types of fragmentation: breaking of the glycosidic bond connecting two monosaccharide 

residues, and cross-ring cleavages involving dissociation of a sugar ring. While fragments resulting 

from glycosidic bond cleavage yield information about monosaccharide composition and glycan se-

quence, information on linkage position and stereochemistry is typically deduced from cross-ring 

fragments. The fragmentation nomenclature proposed by Domon and Costello is used throughout the 

thesis, where letters An, Bn, and Cn designate fragments containing the non-reducing end, and Xn, Yn, 

and Zn ions are their respective complementary counterparts, as shown in Figure 1.8.69 Subscripts 

indicate the position of cleavage within the glycan chain. Among these fragments, only An and Xn 

represent cross-ring fragments. The C and Y fragments tend to carry the hydrogen atom from a neigh-

boring hydroxyl group, and thus are intact glycans themselves.  

 

 

Figure 1.8: Domon-Costello nomenclature of glycan fragmentation.69 

Various fragmentation methods have been implemented in MS workflows to elucidate glycan struc-

tures based on the identification of specific fragments and/or fragmentation patterns.66 The cleavage 

of glycosidic bonds is achieved under low-energy methods such as collision-induced dissociation 

(CID) and infrared multiphoton dissociation (IRMPD).70,71 Cross-ring fragments are obtained under 
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high-energy fragmentations conditions by employing electron-based methods (ExD)72 and ultraviolet 

photodissociation (UVPD).73,74  

In CID, the precursor ions are subjected to collisions with neutral gas molecules to induce fragmen-

tation. While it is the most common method for tandem MS experiments, the fragmentation patterns 

are strongly dependent on the polarity of the glycan ion. In positive ion mode, fragmentation occurs 

primarily at the glycosidic linkage, which yields information about monosaccharide composition and 

glycan sequence.75 Fragmentation of negatively charged ions, on the other hand, leads to cross-ring 

cleavages which provides information on linkage position and branching.76,77 Some studies have 

shown that protonated and ammonium adducts of N-linked glycans can undergo structural arrange-

ments under CID conditions that can lead to wrong structural assignments.78,79 However, this can be 

circumvented by analyzing their corresponding metal adducts. In positive ion mode CID,  

A- and X-type diagnostic fragments have also been observed for certain metal adducts, usually at low 

abundance.80 

It is largely assumed that cross-ring fragments are necessary to reveal the anomericity of the glycosi-

dic bond, but recently a combination of CID with IR spectroscopy has shown that the anomeric re-

tention during CID is a general phenomenon.81,82 This makes CID one of the most important frag-

mentation methods for glycan analysis. This thesis also presents a general method to identify redu-

cing-end anomers of N-linked glycans using their Y fragments without the need for their correspon-

ding pure analytical standards. 

Electron-based methods usually provide complementary information to the CID of glycans.83 While 

electron capture dissociation (ECD)84 has been applied in positive ion mode for characterization of 

neutral glycans, electron detachment dissociation (EDD) is employed to characterize acidic sugars.85 

IRMPD generates essentially the same fragmentation pattern as CID. In contrast, UVPD is known to 

generate a wealthier fragmentation with extensive cross-ring fragments. It has been successfully ap-

plied to determine the structure of isomeric N-glycans.86,87 

While all fragmentation techniques yield valuable information, unambiguous identification of isome-

ric glycans remains a general challenge. Although being a very powerful method, apart from relati-

vely small oligosaccharides, MSn alone cannot distinguish among all isomeric forms, including the 

anomeric nature of glycosidic bonds and the stereochemistry of the monosaccharides. Furthermore, 

the interpretation of the mass spectra of isomeric glycans is extremely difficult. For this reason, it 
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becomes essential to use MS in conjunction with additional orthogonal techniques such as liquid 

chromatography (LC) or ion mobility spectrometry (IMS). 

1.6.2 Hyphenated-MS glycomic approaches 

Liquid chromatography (LC) 

The special characteristics of glycans, their hydrophilic nature, numerous closely related isomers, and 

lack of a natural chromophore, require special techniques for their efficient separation and characte-

rization. A variety of LC methods, based on the interaction between glycans and the stationary phase, 

have been applied for glycan separation and characterization, including reversed-phase liquid chro-

matography (RPLC),88 hydrophilic interaction liquid chromatography (HILIC),89,90 and porous gra-

phitized carbon (PGC) chromatography.91 Each of these techniques has various advantages and di-

sadvantages. 

RPLC uses a hydrophobic material, usually C18 or C8 bonded silica, as a stationary phase to retain 

non-polar compounds. Native glycans, being hydrophilic, cannot be directly separated using RPLC. 

Therefore, a derivatization step is necessary to increase their hydrophobicity and detectability.88,92,93 

The quality of separation of isomeric glycans highly depends on the complexity of the sample, resul-

ting in the coelution of various glycans. While chromatographic separation can be improved with 

increasing temperatures, efficient separation of glycans in complex samples remains challenging.94  

Unlike RPLC, porous graphitized carbon (PGC)91 chromatography can be used to purify and separate 

native glycans according to their branching, sequence, and linkage.95 With no chemical derivatization 

required, the native glycans can be analyzed in positive or negative ion mode, depending on the elu-

tion solvent used.96,97 Even though it offers relatively faster analysis, the system-based variations in 

glycan retention values impede the use of this method.98 

Hydrophilic interaction liquid chromatography (HILIC)89,90 is particularly suitable for glycan analysis 

as it overcomes common difficulties in separating highly hydrophilic glycan samples. Both underi-

vatized and reducing-end derivatized glycans can be retained on the stationary phase, allowing for 

excellent separation of glycans. When used as a stand-alone technique, the glycans are derivatized 

with a fluorescent tag, detected using laser-induced fluorescence, and identified based on calibrated 

retention times with respect to a dextran ladder and subsequent comparison to known databases. 

However, it poses a major disadvantage in the case of unknown structures without corresponding 

standards. To confirm structural assignments, it is often used in combination with MS.99,100 The 
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lengthy run times, in the range of minutes to hours to achieve separation of glycans with similar 

structures, creates a potential bottleneck in analytical workflows.101 

All current LC separation methods are time-consuming and often fail to differentiate isomers. While 

LC-MS-based glycan analysis continues to be the ‘gold standard’, there is a need for faster methods 

with superior resolving power and higher structural sensitivity. 

Ion mobility spectrometry 

A promising method to overcome the above-mentioned limitations is ion mobility spectrometry 

(IMS). It was first used as an analytical technique in the 1970s by Cohen and Karasek.102,103 Since 

then, IMS has been applied in the analysis of different classes of molecules ranging from drugs and 

chemical warfare agents to biological samples.104,105 Unlike LC, the ionized molecules are separated 

in the gas phase based on their mobility as they traverse through a cell filled with an inert drift gas 

(usually nitrogen or helium) under the influence of an electric field. Ions with larger and extended 

structures collide with the buffer gas more frequently than those with compact structures, thereby 

taking more time to traverse the mobility region and reach the detector. This leads to separation of 

the ions based on differences in their three-dimensional shape, or more precisely their rotationally-

averaged collision cross-section (CCS). The CCS value is a measure of the conformation of an ion 

and its rotationally-averaged area that can collide with a drift gas molecule. Since the separation is 

based on size and shape, IMS is very useful to separate isomers and conformers with identical m/z. 

The coupling of IMS with MS (IM-MS) is facilitated by their compatible time scales. Hybrid IM-MS 

instruments of various configurations were developed by several groups.106-108 The introduction of 

soft-ionization methods such as electrospray ionization (ESI) and matrix-laser desorption ionization 

(MALDI) has allowed IM-MS to be extensively applied for bioanalytical applications.109 

While all IMS techniques use a combination of electric fields and a drift gas, some use different 

operational principles. There are four major IMS techniques that differ in the nature of the electric 

field and the drift gas used. 

Drift tube ion mobility spectrometry (DTIMS) is the oldest and simplest form of IMS.110,111 It uses a 

long, gas-filled tube made of stacked-ring electrodes with a constant (and relatively low) electric 

field. The ions drift along the tube due to the applied electric field and are separated as they undergo 

collisions. Smaller and more compact ions exit the tube first, followed by larger ions with extended 

structures, as shown in Figure 1.9(a). Although DTIMS suffers from an inherent lack of sensitivity 

due to the low duty cycle, it does have a significant advantage in that the CCS values can be calculated 
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directly due to a constant electric field applied. It is calculated from an experimentally derived pa-

rameter- the ion’s mobility (𝐾), which is related to its mass, charge, size, and shape.  

  

The velocity of ions in the gas phase, or drift velocity (𝑣#), is directly proportional to the strength of 

the electric field (𝐸) and the applied ion’s mobility (𝐾): 

 𝑣# = 𝐾𝐸   1. 1 

The CCS (Ω) can be estimated from the mobility K using Mason-Schamp equation based on various 

assumptions112-114: 

 
Ω =

3𝑞
16𝑁,

2𝜋
𝜇	𝑘2	𝑇

1
𝐾				 

  1. 2 

Where 𝜇 is the reduced mass of the analyte ion in a drift gas, 𝑘4	is Boltzmann’s constant, 𝑞 is the 

total charge of the ion, and 𝑁	and 𝑇	are the number density and temperature of the drift gas, respec-

tively.  

The first commercial DT instrument was an ambient pressure IMS spectrometer introduced in early 

1970s as a stand-alone instrument (IM) or coupled to a quadrupole mass filter.102 A contemporary  

DTIMS instrument was commercialized in 2014 by Agilent Technologies, offering a resolving power 

of 40 - 60. 

 

Field asymmetric ion mobility spectrometry (FAIMS)115 utilizes alternating high and low electric 

fields perpendicular to the gas flow to propel ions uniformly between the two planar electrodes. The 

ions oscillate along the field, experiencing deflection towards the top or bottom electrode, and get 

separated based on the difference in their mobility at high and low fields. By scanning a compensation 

DC voltage, ions with different mobilities exit the device without hitting the electrodes, as depicted 

in Figure 1.9(b). While the CCS cannot be determined using this technique, it can be used as an ion 

separation technique at the front-end of a mass spectrometer.  

In travelling-wave ion mobility spectrometry (TW-IMS)116,117, voltage pulses are applied along a gas-

filled device to generate travelling waves, and the alternating electric field pushes ions through the 

device. The ions can ‘surf’ along the wave for a period of time before they start to ‘roll over' and fall 

into the preceding travelling potential well. Ions get separated as they travel through the device as  
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lower mobility ions undergo more roll-over events than the higher mobility ions (see Figure 1.9(c)). 

In TW-IMS experiments, obtaining CCSs requires calibrant ions whose values have been previously 

determined in DTIMS experiments. TW-IMS was first commercialized in 2006 by Waters Corpora-

tion with the Synapt HDMS instrument. 

In trapped ion mobility spectrometry (TIMS)118,119, a buffer gas flows in the direction that ions are 

travelling, and an opposing electric field pushes them in the opposite direction. Ions of different sizes 

require different electric field to counteract the gas flow, resulting in their trapping at different posi-

tions in the mobility device. Ramping down the electric field releases the ions, with larger ions exiting 

the device first, as shown in Figure 1.9(d). It is a relatively new technique, and the first instrument, 

which has a resolving power of up to 300, was commercialized in 2016 by Bruker Daltonics. 

 

 

Figure 1.9: Overview of different types of ion mobility spectrometry techniques commonly applied 

in glycan analysis. 
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IMS for glycan analysis 

IMS was first applied to distinguish small isomeric glycan standards in the 1990s using a home-built 

DT instrument.120,121 Different isomeric mixtures of glycans were analyzed using FAIMS in 2003.122 

After the first proof-of-principle experiments and with the introduction of commercial instruments, 

IMS has now emerged as a promising tool for glycan analysis. 123-129  

One of the major factors that have limited the utility of IMS is that all conventional platforms lack 

the mobility resolution necessary to fully resolve isomeric glycans with small differences in CCS. 

While there have been various studies to understand the effect of ion polarity, metal adduction130,  

and use of different drift gases131 to improve glycan separation, only a few studies have been focused 

on technical aspects, including a design from Clemmer and coworkers that combined three drift tubes 

to achieve a path length of 3 m.132 There is no doubt that IMS-based approaches offer an attractive 

and rapid alternative to chromatographic separations, but conventional approaches still suffer from 

limited sensitivity and resolution to analyze isomeric glycoforms with subtle structural differences.  

It was only recently that new higher resolution IM-based approaches have been developed to over-

come the problem of limited resolution. A TW-IMS-based cyclic IMS (cIMS) instrument by Waters, 

with cyclic geometry, can achieve a resolving power of about 750 when ions go 100 times around its 

1 m long circular track.133 Smith and coworkers have developed TW-IMS-based structures for los-

sless ion manipulations (SLIM) devices featuring serpentine ultralong paths with extended routing 

(SUPER). In a SUPER-SLIM device, the ions cycle through a 13 m serpentine ion path multiple 

times, achieving lengths of kilometers and resolving powers of up to ~1860.134,135 Both approaches 

have been applied for glycan analysis.136,137 Recently, the same group developed a ‘multilevel’ SLIM 

device possessing multiple stacked serpentine paths to achieve separations over broader mobility 

ranges.138 The cIMS instrument was commercialized in 2019 and the SLIM-based high-resolution ion 

mobility mass spectrometry (HRIM-MS) instrument featuring 13m path length was commercialized 

by MOBILion Systems in 2021. 

Ultrahigh-resolution IMS in combination with fragmentation techniques such as CID has shown great 

promise for identifying and characterizing isomeric glycans,137,139-141 but unambiguous identification 

based on a single parameter, either drift time or CCS, remains challenging. The measured drift times 

depend upon the experimental conditions (pressure, temperature, etc.), which can be difficult to con-

trol with high precision. Furthermore, the experimental CCS values can have an error amounting to 

the CCS difference among the isomeric structures. While it is now possible to unravel the isomeric 
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heterogeneity of glycans with the advent of new cutting-edge technologies for IMS separations, the 

assignment of these drift peaks to a precise isomeric form often remains elusive. 

1.6.3 Gas phase infrared spectroscopy  

Over the last few years, several groups have reported the use of infrared (IR) spectroscopy for the 

analysis of glycan isomers.142-144  In contrast to drift times or CCS values, an IR spectrum is an inhe-

rent property of the analyte molecule, resulting in a vibrational fingerprint unique to a given isomer. 

The idea for spectroscopic detection of glycans was pioneered by Simons and coworkers in the early 

2000s. They used a UV-IR double-resonance approach to investigate small neutral glycans.145 Howe-

ver, this approach was limited by the need for a UV-chromophore, which is not present in glycans 

naturally and therefore requires additional derivatization steps.  

IRMPD spectroscopy does not require chemical derivatization, and several groups have employed 

this approach to differentiate glycan isomers.146-148 More recently, IRMPD spectroscopy was combi-

ned with tandem MS and IMS to determine the structure of small glycans. Compagnon and cowor-

kers, in one of their studies using this approach, demonstrated that the stereochemistry of glycosidic 

bond is retained in the C-fragments of cationized diasaccharides.82,147 The same group has also com-

bined HPLC with IRMPD to analyze monosaccharide anomers and disaccharide regioisomers.149 The 

use of IRMPD is limited to small glycans, usually mono- and disaccharides, as the spectra are often 

too congested for larger glycans at room temperature. This poses a formidable problem to study larger 

glycans.  

Cooling ions to cryogenic temperatures, either in cold ion traps or in liquid helium droplets, eliminates 

inhomogeneous broadening, allowing one to obtain sufficiently resolved spectra that can be used for 

identification. Pagel and coworkers have employed a combination of MS and ultra-cold IR spectros-

copy in helium droplets using a free-electron laser to obtain well-resolved spectra that can be used 

for the identification of oligosaccharides.143,150 However, such a complex experimental set-up would 

be impractical to use as an analytical tool. 

Recently, Rizzo and coworkers combined ion mobility spectrometry with cryogenic IR spectroscopy 

for the identification and characterization of glycans, but the limited IMS resolution of their drift tube 

did not allow the separation of glycans with subtle differences.151-153 A promising approach to over-

come this limitation combines SLIM-based ultrahigh-resolution IMS with cryogenic IR spectros-

copy,154-159 allowing one to rapidly separate glycan isomers by their mobility and measure their 
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highly-resolved IR fingerprint. Furthermore, isomeric glycans produce isomeric fragments upon dis-

sociation, and until now there has been no tool available to achieve high-resolution ion mobility se-

paration of these fragments prior to spectroscopic interrogation. Also, with the increasing size of the 

glycan, IR spectra become much more complex and might not be sufficiently resolved to distinguish 

isomers. It therefore becomes necessary to fragment glycans within the ion mobility region itself such 

that the isomeric fragments can undergo mobility separation prior to spectroscopic interrogation. 

1.7 Outline of the thesis 

The goal of this thesis was to develop a new tool for glycan analysis that combines SLIM-based 

ultrahigh-resolution IMS with tandem MS and cryogenic IR spectroscopy. This approach allows mo-

bility separation of parent glycans followed by CID, then mobility separation and subsequent cryo-

genic IR spectroscopy of the fragments. This enables the construction of a spectroscopic database for 

identifying glycan fragments, which can then be used to reconstruct the parent glycan structure. The 

approach would also help us to populate an IR fingerprint database with entries of glycans whose 

standards are difficult to synthesize or simply not available. This thesis is dedicated to the develop-

ment and implementation of the proposed technique for glycan analysis.  

Chapter 2 provides a general overview of all the techniques central to this work: SLIM-based IMS, 

CID, and messenger-tagging cryogenic IR spectroscopy. 

Chapter 3 gives a detailed description of the instrument combining SLIM-based IMS-IMS with cryo-

genic IR spectroscopy. We also present the design of the SLIM devices featuring a trap section to 

perform CID, enabling one to generate fragments and separate them by their mobility. The ion tra-

jectories within the trap region were also simulated. We characterize the SLIM-IMS-CID device in 

terms of resolving power using a GRGDS and SDGRG peptide-mixture, and the on-board fragmen-

tation process by comparing the fragments generated to those obtained on a commercial tandem mass 

spectrometer using a pentapeptide AAPPA. An overview of a new-generation home-built instrument 

with much higher IMS resolving power is also provided. All experiments presented in chapters 5, 6, 

7, and 8 were performed on this instrument. 

Chapter 4 discusses the potential of our new approach to discriminate isomeric glycan fragments and 

to address fundamental questions regarding the fragmentation mechanism of the glycosidic linkage. 

This chapter is largely based on the paper ‘Using SLIM-based IMS-IMS together with cryogenic in-

frared spectroscopy for glycan analysis’ published in the Analytical Chemistry.160 
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Chapter 5 demonstrates the applicability of our new method to identify the positional isomers of N-

glycans unambiguously. The approach is based on producing diagnostic fragments specific to each 

positional isomer and identifying them by comparing their IR fingerprints to previously recorded IR 

spectra. We also show the potential of fragment-based spectroscopy to develop a database of IR fin-

gerprints that we can use to identify positional isomers with reduced need for pure analytical stand-

ards. This chapter is based on the paper ‘Identification of N-glycan positional isomers by combing 

IMS and vibrational fingerprinting of structurally determinant CID fragments’ published in Ana-

lyst.161 

While the introduction of ultrahigh-resolution IMS allows us to unravel the heterogeneity of glycan 

isomers with subtle differences, it raises the problem of identifying all mobility-resolved peaks that 

are observed, especially when analytical standards are not available. In Chapter 6, we report an ap-

proach combining IMS-IMS and cryogenic IR spectroscopy to identify all drift peaks of mobility-

resolved N-glycan isomers corresponding to reducing-end anomers and distinguish them from posi-

tional isomers that might be present in the sample. We measured the IR fingerprints of all identified 

N-glycan isomers that would allow us to unambiguously identify them in their precise isomeric form 

in any complex mixture. This chapter is largely based on the paper ‘Identification of mobility-resolved 

N-glycan isomers’ published in Analytical Chemistry.162 

We also wanted to explore the applicability of the approach described in Chapter 6 to identify glycans 

from a biological sample. We analyzed the two most abundant high mannose glycans (Mannose-5 

and Mannose-6) released from bovine pancreas Ribonuclease B (RNase B) and identified their cor-

responding reducing-end anomers. The results will be presented in Chapter 7. 

While the SLIM-based IMS-IMS approach combined with cryogenic IR spectroscopy holds great 

promise, we sometimes encounter fragments for which the spectroscopic fingerprint has not been 

previously recorded. This makes it necessary to generate second-generation fragments that we can 

identify and use to put the pieces of the puzzle together. We thus developed a SLIM-based (IMS)3 

approach combined with cryogenic IR spectroscopy to generate second-generation fragments, fol-

lowed by their mobility-separation, and spectroscopic interrogation. The proof-of-principle experi-

ments will be presented in Chapter 8.   
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The ultimate goal is to develop an (IMS)n technique combined with cryogenic IR spectroscopy, where 

a parent glycan of unknown structure is first mobility-selected and fragmented. These fragments can 

then be fragmented further and mobility-separated such that an IR spectrum could be obtained on the 

next generation of fragments. This process can be continued till we find a spectral match that facili-

tates reconstruction of the parent glycan structure.   
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 Overview of the techniques 
 

This thesis aims to develop a new approach combining ion mobility spectrometry (IMS), tandem 

mass spectrometry, and cryogenic IR spectroscopy for glycan analysis. This chapter provides an over-

view of all the techniques central to this work: ion mobility spectrometry using structures for  

lossless ion manipulations (SLIM), collision-induced dissociation (CID), and messenger-tagging  

cryogenic IR spectroscopy. The major development is the incorporation of CID capabilities in an 

existing home-built instrument that combines SLIM-based IMS and cryogenic IR spectroscopy.1  

2.1 SLIM-based IMS 

Travelling-wave ion mobility spectrometry (TW-IMS) was introduced by Bateman and coworkers in 

2004 and commercialized by Waters Corporation in 2006.2 The fundamental concepts of TW-IMS 

have been described in Chapter 1. Briefly, an oscillatory field is applied to a stack of electrodes that 

creates a travelling wave field for pushing ions along the axial direction in the presence of an inert 

gas. In addition, opposite phases of a radiofrequency (RF) field is applied to adjacent electrodes for 

radial ion confinement. The ions of higher mobility are overtaken by the waves less frequently than 

lower-mobility species and hence travel faster, giving rise to mobility-based separations.2,3 One si-

gnificant advantage of using TW-IMS is that it does not require the high voltages of a DC drift tube 

for separation, reducing the possibility of electrical breakdown and enabling long pathlength devices 

to be made with high resolving powers.4,5 

A variant of the TW-IMS approach based on a technology known as structures for lossless ion mani-

pulations (SLIM) was developed by Smith and coworkers.4,6 It utilizes mirrored printed circuit boards 

(PCBs) patterned with electrodes for transportation, manipulations, and separation of ions over long 

distances. 

The basic electrode design is shown in Figure 2.1(a), and a three-dimensional view of two mirrored 

PCBs is illustrated in Figure 2.1(b). The three sets of electrodes perform different roles: DC guard 

electrodes laterally confine ions along the ion path; RF electrodes are used to create  

pseudopotentials preventing ion loss between the two PCB surfaces; and TW electrodes drive the ions 
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forward. The motion of analyte ions depends upon their mobility in a specific buffer gas, the TW 

amplitude, and the TW velocity. The TW continually pushes ions with a velocity that depends on 

their mobility, and different species transit the mobility device at unequal times. At optimum wave 

speed for a given TW height, ions with compact structures and thus higher mobility surf along the 

TW without being separated. The lower mobility ions with elongated structure tend slip behind the 

TW. This leads to mobility-based separations resulting in ions with compact structures taking less 

time to transit the device. With the TW implementation, the device’s pathlength is no longer limited 

by the high voltage applied. 

Smith and coworkers also demonstrated that one could use these SLIM tracks to direct ions around 

90° turns.7-9 This distinctive feature enables the creation of serpentine paths that can extend the overall 

separation length on a moderately-sized device.10 To put that into perspective, a separation pathlength 

of 13 m can be achieved on a PCB measuring 45.9 cm x 32.5 cm.4 In addition, they also introduced 

T-shaped switches that can eject ions from a straight track onto a perpendicular one. The use of T-

switches allows ions to traverse the serpentine path multiple times by controlling the ejection of ions, 

further increasing the pathlength and hence the resolving power.4 Truly unprecedented mobility se-

parations and resolving powers over 1800 can be achieved with pathlengths over a kilometer using 

this flexible design.4 An example of a SLIM device design with a serpentine path for multipass sepa-

rations is shown in Figure 2.1(c). 

Another unique feature of TW-SLIM module is that it can be used for ion trapping, storage, and 

ejection.11,12 Ion packets can be ‘parked’ at certain positions along the separation path and released 

when required. As described in Chapter 3, we exploited this property to design a new SLIM device 

with CID capabilities. 
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Figure 2.1: (a) TW-SLIM electrode design. DC guard electrodes and RF electrodes are shown in 

grey and black, respectively. The TW potentials are applied to DC pads in the colored electrodes to 

generate a TW that pushes ions along forward. (b) 3-D view of two mirrored SLIM PCBs. (c) An 

example design of a SLIM device that incorporates 90° turns to create a serpentine path, and a T-

shaped switch to enable multipass separations.  
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2.2 Messenger-tagging cryogenic infrared spectroscopy  

Gas-phase infrared (IR) spectroscopy is a powerful tool to identify biological molecules.13 While 

classical IR spectroscopy is based on the detection of light attenuation, in the gas phase the density 

of ions is too low to detect the changes in light absorption directly.14 Therefore, one typically uses 

‘action spectroscopy’ that relies on measuring the absorption of photons indirectly by following an 

action (e.g., dissociation of an ion or detachment of a weakly-bound messenger atom/molecule).15,16  

Infrared multi-photon dissociation (IRMPD) spectroscopy monitors light-induced fragmentation of 

molecular ions, achieved by sequential absorption of multiple photons.14,15 However, multiple-photon 

adsorption leads to band broadening and redshifts. Moreover, IRMPD is typically performed on ions 

at room temperature, which also results in broad vibrational bands. Therefore, the inherent spectral 

congestion limits the use of IRMPD to small molecules, mostly mono- and disaccharides in the case 

of glycans. 

Another type of action spectroscopy is called messenger-tagging spectroscopy and is central to the 

work discussed in this thesis. It was first introduced by Okumura and Lee in the mid-1980s. They 

discovered that cluster ions generated during supersonic expansion undergo photodissociation when 

irradiated with a tunable IR laser.17 The technique was further developed by Johnson and cowork-

ers.18,19 It employs the non-covalent binding of ‘messenger’ (or tag) molecule or atoms to the analyte 

ion, forming a weakly-bound complex. Upon resonant absorption of a single IR photon, the energy 

is redistributed over vibrational modes of the complex by intramolecular vibrational redistribution 

(IVR), and detachment of the messenger molecule occurs, which can be detected as a change in m/z 

using MS. An IR spectrum is obtained by plotting the ratio of tagged species to the sum of tagged 

and untagged ions as a function of the infrared wavenumber (Equation 2.1). The basic concept of the 

technique is illustrated in Figure 2.2.  

𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚 = 	
Σ	𝑡𝑎𝑔𝑔𝑒𝑑	𝑖𝑜𝑛	𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑠

Σ		(𝑡𝑎𝑔𝑔𝑒𝑑	𝑖𝑜𝑛	𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑠 + 𝑏𝑎𝑟𝑒	𝑝𝑎𝑟𝑒𝑛𝑡	𝑖𝑜𝑛𝑠	) 2.1 

  

Unlike IRMPD, the IVR-mediated detachment of the tag is a single-photon process which simplifies 

the requirements for the light source needed in terms of photon intensity. Furthermore, the attachment 

of a tag requires low temperatures, making cryogenic cooling of the ions indispensable for this ap-

proach. This is particularly important as cooling the ions at cryogenic temperatures eliminates inho-

mogeneous broadening, yielding highly-resolved fingerprint spectra. 
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The tag molecule is chosen such that it doesn’t significantly distort the structure of the analyte ion or 

absorb light itself in the wavelength region monitored. Only then will the spectrum obtained resemble 

that of the bare ion. Light atoms or molecules of low polarizability, such as He or H2, cause only 

small structural distortions to an ion they are complexed with. However, the low binding energies of 

He means it requires very low temperatures (typically ~4 K) to form complexes, which complicates 

the experimental apparatus. Therefore, heavier tags such as N2 and Ar that can condense on the ana-

lyte ion at more easily accessible temperatures (40 K – 70 K for N2 tagging) are preferred.  

 

Figure 2.2: a) Scheme for messenger-tagging spectroscopy. Precursor ions are first tagged with at-

oms/molecules (e.g., N2) in a cryogenic ion trap. With resonant absorption, the tag detaches, and the 

bare ion is detected. (b) Hypothetical mass spectrum showing peaks corresponding to a bare ion 

(blue), and singly and doubly N2-tagged ions (orange). (c) Mass spectrum showing the increase in 

intensity of the bare ion as a result of tag detachment from the tagged species upon resonant excita-

tion. The tag detachment also results in signal decrease for singly and doubly tagged ions. The IR 

spectrum is obtained by plotting the ratio of tagged species to tagged and untagged ions as a function 

of the infrared wavenumber. 
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The advent of soft ionization techniques, such as matrix-assisted laser desorption ionization (MALDI) 

and electrospray ionization (ESI) in the early 1990s, and the development of messenger tagging 

through cryogenic cooling of ions in cold ion traps have opened a way to implement this technique 

for analysis of biological molecules, including glycans. The ions of interest are transferred to the 

cryogenic ion trap, where they are cooled by collisions and eventually tagged with the buffer gas. 

Various designs for cryogenic ion traps have been developed over the years including multipole ion 

traps20 and  planar traps.21,22 Recently, an innovative cryogenic ion trap that allows multiplexing the 

acquisition of analyte IR spectra after mobility separation was developed by Warnke et al.22  

The combination of ion-mobility spectrometry and cryogenic IR spectroscopy is an emerging and 

promising technique for glycan analysis.23-25 Recently, the Rizzo group has combined messenger-

tagging cryogenic IR spectroscopy with SLIM-based IMS for glycan analysis.22,26-30 All spectra pre-

sented in this thesis have been acquired by messenger-tagging spectroscopy using N2 as the messenger 

tag. 

2.3 Collision-induced dissociation  

In the last 20 years, tandem mass spectrometry has emerged as a major technique for structural anal-

ysis of a wide range of biologically relevant compounds. This involves selection of an ion of a par-

ticular m/z followed by an activation step and subsequent analysis of its fragmentation products to 

get structural information about the precursor. While many ion activation techniques have been de-

veloped, the most commonly used in tandem mass spectrometry involves energetic collisions with an 

inert buffer gas (e.g. N2 and Ar). Collisions with an inert gas lead to an increase in the ion’s internal 

energy until the dissociation threshold is reached. The overall process of collisional activation fol-

lowed by ion fragmentation is referred to as collision-induced dissociation (CID).  

2.3.1 Energy transfer during a collision 

Collision-induced dissociation of an ion 𝑚9
: is essentially a two-step process involving collisional 

activation and unimolecular dissociation.31    

(1) Collisional activation 	𝑚9
: + 𝑁	 → 𝑚9

:∗ + 𝑁 2.2 

(2) Unimolecular dissociation 𝑚9
:∗ → products,	neutrals 2.3 
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In the collisional activation step, the fast-moving mass-selected precursor ions are excited to higher 

energy by collisions with an inert gas (e.g. N2 and Ar) such that a fraction of the ion’s kinetic energy 

is converted into its internal energy, forming an activated ion 𝑚9
:∗. The second step involves a uni-

molecular dissociation of an activated ion into charged product ions and neutrals. The internal energy 

of the activated ion, 𝐸L9						:∗, is composed of the internal energy prior to collision  

(𝐸L9						:) and the amount of energy 𝑄	transferred during the collision (Equation 2.4). 

𝐸L9					:∗	 = 	𝐸L9					:	 + 𝑄 2.4 

During the collisional activation process, not all of the laboratory frame translational energy (𝐸NOP) is 

available for conversion into internal energy of the ion. It is the translational energy in the center-of-

mass frame of reference (𝐸QRS) of the two colliding partners that have the potential to be converted 

into internal energy and is related to 𝐸NOP by the following expression32: 

𝐸QRS = 	𝐸NOP
(𝑚T)

(𝑚T +𝑚9)
 2.5 

where 𝑚U is the mass of the neutral target and 𝑚9 is the mass of the projectile ion.  

𝐸QRS  represents the upper limit of energy transferred into the internal modes of the precursor ion (i.e. 

𝑄 < 𝐸QRS ). 𝐸QRS , as evident from equation 2.5, decreases as a function of 𝑚9, so that the larger 

precursor ions have less internal energy available for fragmentation during the collision process, and 

increases with the mass of the neutral target gas. While the CID process is highly dependent on the 

relative mass of the two species, the pressure conditions used for the experiment dictates the mecha-

nism of activation and subsequent unimolecular dissociation of the ion, as explained below. 

2.3.2 Low-energy and high-energy CID 

Depending on the instrument, CID can be performed in either a high- or low-energy regime. In high-

energy collisions, ions have translational energies in the keV range and get excited by a single colli-

sion at low-pressure conditions.33 The collision with the inert gas deposits energy into the ion so that 

one or more vibrational modes are activated. Since the energy deposited during a single collision is 

very high, ions can also be excited to higher electronic states. Subsequent fragmentation can take 

place by two different mechanisms. The first is the shattering mechanism, where dissociation of the 

bond where the energy is initially stored occurs in a non-statistical manner before IVR takes place. 

The second mechanism is through IVR, where energy deposited by a single collision has time to flow 

and redistribute among the vibrational modes. This leads to dissociation in a statistical manner, and 

the fragments observed are those generated from energetically most favorable pathways.  
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The low-energy CID process differs in several ways from high-energy CID. The ions have energies 

in the 1-100 eV range, and multiple low-energy collisions are required in a relatively high-pressure 

environment for stepwise activation of the precursor.33 The mean free path (𝜆) of an ion with diameter 

‘𝑑’ is the average distance an ion travels before colliding with a gas molecule. It is pressure-dependent 

and is given by the following equation: 

𝜆 = 	
𝑅𝑇

√2𝜋𝑑]𝑁 𝑃
 2.6 

where 𝑅 is the ideal gas constant, 𝑇	is the temperature of the gas, 𝑁 	is the Avogadro’s number, and 

𝑃 is the pressure of the target gas in the collision region. 

From Equation 2.6, we can see that the mean free path of ions decreases with an increase in the 

pressure of the target gas. As will be described in Chapter 3, we use a pressure of 2.2 mbar and apply 

a voltage drop of ~ 250 V across a pair of grids separated by a distance of 0.8 mm to fragment ions 

(i.e., ~ 300 V/mm). Under these conditions, the mean free path of a disaccharide ion (𝑑	= 2nm) is  

~ 1 µm, resulting in 0.3 eV per collision. The activation barrier for the formation of B/Y fragments 

from singly sodiated disaccharide is ~ 2.3 eV,40 requiring at least 8 collisions to induce fragmentation. 

Under such high-pressure conditions, these low-energy collisions can be activating or deactivating in 

nature, and observed fragmentation is a statistical process. Conversely, under low-pressure environ-

ment (~ 10-2 mbar) typically employed in collision cells, the mean free path of the ions is  

~ 0.2 mm, resulting in 60 eV per collision. In this case, a single collision is sufficient to activate ions 

and induce fragmentation. 

From the above calculations, it is clear that ions undergo several low-energy collisions under high-

pressure conditions. Even though the energy deposited per collision might be lower under high-pres-

sure conditions, a series of low-energy collisions leads to a gradual increase in the internal energy of 

the ion until a dissociation threshold is reached. Thermalization of ions can take place during low-

energy collisions leading to a competition between the collisional deactivation and unimolecular dis-

sociation of the activated ions, resulting in statistical fragmentation. The excitation in low-energy 

CID occurs primarily to higher vibrational states. The deposited energy has time to redistribute via 

IVR, leading to unimolecular dissociation. The CID pattern obtained by this process is dominated by 

the products formed in a statistical manner. Various low-energy CID techniques have been employed 

in the trapping devices. In the SLIM device, where the pressures are in the millibar range, activation 

of the precursor takes place via this low-energy CID process. The activation of an ion by single col-

lision and multiple collisions is shown in Figure 2.3.  
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Figure 2.3: Schematic representing collisional activation of a molecule by (a) single collision and 

(b) multiple collisions leading to unimolecular dissociation by different mechanisms. 

Since the activation process happens gradually, rearrangements can take place before dissociation 

occurs, producing rearranged product ions. This can lead to loss of information of the original struc-

ture and erroneous structural assignments. Rearrangement of fucose and xylose monosaccharide units 

has been observed in protonated glycans,34,35 however, this issue can be circumvented by using their 

metal adducts. Furthermore, after the unimolecular dissociation of precursor takes place, the product 

ions can also be activated by subsequent collisions with the inert gas leading to sequential fragmen-

tation. 

2.3.3 Unimolecular rate constant 

The unimolecular fragmentation dynamics of gas-phase ions in low-energy CID process, where IVR 

takes place within the energized ion, can be explained by a statistical theory developed in early the 

1950s: the Rice-Ramsperger-Kassel-Marcus (RRKM) theory.  

The unimolecular dissociation of ions induced by collisions can be theoretically described by follow-

ing a potential energy surface (PES) from reactants to products.36 The PES of a gas-phase molecule 

is a complex multidimensional surface composed of 3N-6 dimensions, with N representing the num-

ber of atoms in a system. Of particular interest in a PES are the local minima (valleys) corresponding 

to energetically stable structures, and the saddle points which are the transition states. All of the min-

ima and transition states are topologically characterized by harmonic vibrational frequencies. Frag-

mentation mechanisms can be understood by locating these minima and transition states on the PES.  
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Using the knowledge of the reactant and transition state vibrational frequencies derived from the PES, 

unimolecular rate constants can be determined. 

Figure 2.4 shows a schematic PES of an ion ‘𝐴’ along a specific dissociation coordinate. This diagram 

is a slice through a more complex three-dimensional potential energy surface that may have several 

maxima and minima, representing several different reaction paths. Unimolecular dissociation takes 

place when the internal energy (𝐸) of the activated ion exceeds the activation energy 𝐸a. A consecu-

tive reaction could also appear on this diagram with a second activation energy barrier and a different 

final product energy. 

 

Figure 2.4: Schematic potential energy diagram of a molecule ‘𝐴’ following a specific dissociation 

reaction. 𝐴∗ and 𝐴b  are excited state and transition states, respectively. 𝐸 and 𝐸a are internal energy 

of activated ions and the required activation energy for dissociation, respectively. 

The unimolecular reaction rate 𝑘(𝐸) (Figure 2.4) can be calculated using RRKM theory, which is 

based on the following assumptions: 

1. The unimolecular dissociation of an activated molecule 𝐴∗ occurs by passing through a tran-

sition state corresponding to a critical configuration 𝐴b leading to products. Once the system 

has passed this barrier to form products, it never comes back. This assumption is based on 

transition state theory. 

2. The internal redistribution of the initial vibrational excitation to other possible vibrational 

modes in an activated molecule 𝐴∗ occurs much faster than unimolecular dissociation. This is 

equivalent to saying that that IVR is rapid compared to dissociation, which is the case in low-

energy CID processes.  
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The rate constant 𝑘(𝐸) can then be calculated using the RRKM expression37: 

𝑘(𝐸) = 	
𝜎𝑁#(𝐸 − 𝐸a)

ℎ𝜌(𝐸)  2.7 

where s is the reaction degeneracy (i.e. number of equivalent pathways of the reaction), 

𝑁#(𝐸 − 𝐸a) is the sum of states of the transition state, 𝐸a is the critical energy for fragmentation, ℎ 

is Plank’s constant, and 𝜌(𝐸) is the density of states of the precursor ion at internal energy of 𝐸. The 

theoretical modelling of energy requires the knowledge of the heights of the activation barriers and 

vibrational frequencies of the reactant and the transition states, which is obtained using ab initio cal-

culations.38   

Depending on the pressure conditions used for CID, ions formed by collisional activation can either 

be collisionally deactivated or undergo unimolecular dissociation. The relative rate constants of these 

processes will determine the product distribution observed. The RRKM theory can be employed to 

understand the unimolecular dissociation chemistry of various species that dictates their fragmenta-

tion pathways. In the case of glycans, such a detailed understanding would lead to a better interpre-

tation of product ion spectra obtained in tandem mass spectrometry experiments and improve confi-

dence in structural assignments. 

Various studies focused on mechanistic investigations of collision-induced dissociation of glycans 

have been reported by several groups.39-48 However, these comprehensive high-level quantum chem-

ical calculations have been typically limited to glycans consisting of a few monosaccharide units. 

This is because it requires the determination of a large number of stereo- and linkage glycan isomers, 

which is particularly challenging and time-consuming given their vast conformational space and nu-

merous fragmentation pathways. Furthermore, the calculations become computationally expensive 

with the increasing size of the molecule.  

Our approach does not depend on high-level quantum chemical calculations for determining the frag-

mentation pattern to obtain information about the glycan structure. We make use of CID to generate 

fragments and identify them through comparison of their cryogenic infrared fingerprints with entries 

in the spectroscopic database to reconstruct the parent structure. The construction of such a database 

requires measuring IR fingerprints of commercially available standards. An approach to further pop-

ulate the database without heavy reliance on standards will be presented in Chapters 5 and 6. 
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2.4 Combination of state-of-the-art technologies 

Traditionally, tandem MS experiments entail isolation of a precursor ion of a specific mass-to-charge 

ratio (m/z) during a first MS analysis stage (MS1), followed by excitation and dissociation in a colli-

sion cell and subsequent analysis of the fragmentation products during the second stage (MS2). Ex-

amples are Q-ToF and triple-quadrupole mass spectrometers. A typical scheme of tandem MS exper-

iments is shown in Figure 2.5(a). The selection-fragmentation-detection sequence can be further ex-

tended to the first-generation product ions to produce another group of product ions (MS3), and so 

on. IMS provides an extra level of analytical separation, which can be used to distinguish isomeric 

species, something not possible using MS alone. CID is readily adapted to IMS experiments owing 

to the presence of a buffer gas at elevated pressures in an IMS device. Several groups have adopted 

this approach to perform CID after mobility separation.49-59 Recently, a constant-field SLIM-CID 

module was used to dissociate precursor ions after their ion mobility separation.60 

While a combination of tandem MS with ion mobility is an effective technique for structural deter-

mination of glycans, isomeric glycans frequently produce isomeric fragments, which require addi-

tional IMS separation. Therefore, there is a need for instruments to perform tandem IMS experiments, 

whereby ions can be activated between two IMS rounds, as shown in Figure 2.5(b). Clemmer and co-

workers developed an IMS-IMS analogue to MS-MS, where a mixture of ions can be mobility-sepa-

rated prior to collisional activation inside a drift tube, followed by subsequent mobility-separation of 

fragment ions in a second IMS region that may or may not be subjected to additional collisional 

activation before MS analysis.61 The groups of Hill62 and Bleiholder63 also reported similar IMS-IMS 

instrumentation for biological applications. More recently, Green and coworkers developed a cyclic 

IMS (cIMS) instrument enabling IMSn experiments, where mobility-separated ions can undergo a 

sequence of selection, activation or fragmentation, and re-separation a number of times before MS 

detection.5  
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Figure 2.5: Schematic of (a) tandem MS and (b) tandem IMS experiments. The green and pink ions, 

having the same m/z, cannot be separated in a typical MSn scheme. Separation methods like IMS 

allows one to produce isomer-specific fragmentation which can further reduce isomeric heterogeneity 

of fragment ions. 

SLIM technology exhibits the highest mobility resolving power among all IMS techniques available 

to date.9,10 Given its unique capabilities in terms of ion manipulations,11,12,60 we developed a SLIM-

based tandem IMS device that allows us to perform CID of a mobility-selected precursor, followed 

by IMS separation of the generated fragments. Cryogenic IR spectroscopy is an extremely sensitive 

technique that can distinguish molecules with subtle structural differences.23 The combination of 

these techniques has the potential to become a valuable addition to the toolbox for structural analysis 

of glycans. The following chapters describe in detail the combination of SLIM-based IMS together 

with tandem mass spectrometry and cryogenic IR spectroscopy and its application for glycan analysis. 
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 Experimental setup and design of 
SLIM-IMS-CID devices 

 

This chapter provides a detailed description of the instrument combining SLIM-based IMS-IMS 

with cryogenic IR spectroscopy. The significantf development of the present work is the incorpora-

tion of CID capabilities into an existing home-built instrument that combines SLIM-based IMS and 

cryogenic IR spectroscopy. The experimental setup and the design of the SLIM-CID modules to 

perform CID will be described and the characterization of the on-board CID process will be pre-

sented. 

3.1 Overview of the instrument  

The experiments presented in Chapter 4 were performed on a home-built instrument, shown sche-

matically in Figure 3.1, which couples a SLIM-based IMS module with a planar cryogenic ion trap 

and a time-of-flight (ToF) mass spectrometer.1 

Figure 3.1: Schematic overview of the instrument combining SLIM-IMS with messenger-tagging 

spectroscopy. 
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Ions produced by nanoelectrospray ionization (nESI) at atmospheric pressure are transferred into 

the instrument using a flared stainless-steel capillary maintained at a temperature between  

100 °C-150 °C. The ions exit the capillary to enter a dual ion funnel trap (MassTech, USA), where 

they are stored for tens of milliseconds.2 The stored ions are then released in short packets,  

100-150 µs in duration, into the SLIM-IMS region placed after a ring-electrode guide. The new 

SLIM-IMS-CID device is based on the design by Smith and coworkers,3,4 exhibiting an ion path-

length of approximately 1.5 m on a printed circuit boards (PCB) measuring 15 cm x 15 cm.  It con-

tains on-board traps in which we perform CID at pressures in the millibar range. More details about 

the design and characterization of the on-board CID process will be presented in the next section. 

Another ring electrode guide is placed at the exit of the SLIM module for efficient unloading of the 

mobility-separated species. 

After exiting the SLIM-IMS module, ions are transferred through a series of ring-electrode and 

hexapole guides into differentially-pumped stages I and II, maintained at a pressure of 10-2 and 10-5 

mbar, respectively. A lens assembly consisting of four steering plates is placed after the hexapole 

guide to deflect any unwanted ions and allow only the ions of interest within a selected drift-time 

range to proceed towards the quadrupole bender. Here, the ions turn 90° towards an octupole guide 

and a quadrupole mass filter. The arrival time distributions (ATDs) of the ions can be acquired on a 

channeltron detector with or without m/z mass selection by the quadrupole mass filter.  

Following the quadrupole mass filter, the ions enter a planar cryogenic trap composed of two PCBs 

containing four DC electrodes surrounding a set of radio-frequency (RF) electrodes to control ion 

trajectory and confinement within the trap. The trap assembly is mounted onto a copper housing, 

which is connected to the cold head of a helium cryostat, allowing it to reach temperatures down to 

13 K.  

A few milliseconds before the ions enter the trap, a cold buffer gas composed of He/N2 in a 90:10 

mixture is introduced using a pulsed valve (Parker 9 series). The ions are confined and cooled as 

they collide with the cold buffer gas and get tagged with N2 molecules during the cooling process, 

which serve as a messenger tags to detect IR absorption. The temperature of the trap is controlled 

using a Lake Shore 350 PI controller (Lake Shore Cryotronics, Inc; USA) and a cartridge heater.  

In order to acquire an IR spectrum, the N2-tagged ions are irradiated for 50 ms with a continuous-

wave (CW) mid-IR laser (IPG Photonics) operated at 0.2 W output power. When the light is in res-

onance with a molecular vibration, absorption of an infrared photon leads to the redistribution of 



Experimental setup and design of SLIM-IMS-CID devices 

 63 

vibrational energy, causing the N2 tag to boil off. The ions are extracted through the slots between 

the electrodes of the top PCB of the cryogenic trap into the ToF mass spectrometer. We then obtain 

the IR spectrum of the species by monitoring the number of tagged ions as a function of the laser 

wavenumber, as described in detail in Chapter 2. 

3.2 Design and characterization of the SLIM-IMS-CID device 

In the present work, we modified the design of our previously published SLIM-IMS device to in-

corporate a section in which we perform on-board CID. It employs a ‘sandwich’ of electrodes pat-

terned on two mirrored PCBs.3,4 The basic unit of the SLIM device is based on the design by Smith 

and coworkers, as shown in Figure 3.2(a). It consists of eleven different tracks for radio-frequency 

(RF) and travelling-wave (TW) electrodes. The six RF electrodes (black) are responsible for ion 

confinement between the boards. The colored electrodes on the remaining five tracks are TW elec-

trodes to carry ions forward. The potential to each repeating set of eight TW electrodes is applied in 

such a way that four of the consecutive pads are at high DC potential and other the four are at low 

DC potential. The TW progresses by simultaneously dropping the potential of the first pad from 

high to low and raising the potential of the fifth pad from low to high (see Figure 3.2(b)). The DC 

guard electrodes (grey) are used to confine ions laterally. The same sequence is repeated over the 

entire SLIM board.  

Our first SLIM-IMS-CID module is a 15 cm x 15 cm device with a single-cycle pathlength of  

~1.5 m, and the two mirrored PCBs are spaced by a distance of 2.75 mm. In addition to the serpen-

tine track for separation, it features a series of on-board traps for selection, storage, and fragmenta-

tion of mobility-separated ions, as shown in Figure 3.2(c). Among various ion manipulations that 

can be achieved in SLIM, we utilize 90° turns to achieve a serpentine pathlength of 1.5 m and  

T-switches to divert ions from a linear path to a perpendicular one. T-switches are employed to re-

direct the ions into one of the traps for storage and fragmentation as well as to make ions exit the 

device. The ability to cycle the ions through the serpentine track multiple times allows us to achieve 

a longer pathlength for separation and thus higher resolving powers.  
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Figure 3.2: Schematic showing (a) the basic unit of the SLIM board, (b) the progression of the trav-

elling wave, and (c) the first version of the SLIM-CID device featuring 90° turns, T-switches, and 

on-board CID traps for selection, storage, and fragmentation of the mobility-selected ions. 
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3.3 Ion trajectory simulations of version 1 of the SLIM-IMS-CID module 

Ion trajectory simulations were performed using SIMION 8.1 software. The SLIM geometries were 

prepared using the SolidWorks software package, and the geometry CAD files were imported as 

potential arrays (PA) into SIMION 8.1. The DC, RF, and TW potentials were defined on each elec-

trode using a custom Lua programming code compatible with SIMION. A statistical diffusion simu-

lation (SDS) collision model was employed to mimic the collisions between ions and neutrals for 

ion trajectories. Simulations were performed utilizing different portions of the SLIM device with a 

spacing of 2.75 mm between the boards at 3-4 torr pressure and a temperature of 300 K using He 

drift gas. 

First, ion trajectories on a straight SLIM track were simulated using different TW parameters. The 

ions can either be in ‘surfing’ or ‘separation’ (roll-over) mode. The surfing mode of the SLIM de-

vice is achieved at very low TW speed where the ions are confined within the TW troughs, making 

them move along the TW with no separation. As the speed of the TW is increased, the ions start to 

pass through the other potential troughs, as they roll-over the passing wave profile. These roll-over 

events allow the ions to separate based on their mobility. The ion trajectories in surfing mode and 

separation mode are depicted in Figure 3.3.  

 

Figure 3.3: Simulated ion trajectory on a straight SLIM section in (a) surfing and (b) separation 

mode as viewed from above. 
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The ions can make several 90° turns along the serpentine track. The ion trajectory around one of the 

90° turns in surfing mode is shown in Figure 3.4(a). Under normal conditions, ions move along the 

serpentine track, make several 90° turns, and bypass the trap entrance, which is blocked by applying 

a DC potential to the trap entrance electrode (highlighted in red, Figure 3.4(b)). The ion trajectory 

under normal conditions (i.e., without entering the trap section) is shown in Figure 3.4(b). If de-

sired, they can be diverted into the trap using a T-switch. This is achieved by applying a blocking 

DC potential to the TW pad just below the trap (highlighted in red, Figure 3.4(c)) and opening the 

trap entrance electrode. As the ions enter the trap, a blocking potential is also applied to the exit 

electrode to confine ions in the trap region. Once the ions have been diverted into the trap, the DC 

potential of the trap entrance electrode is also raised to store ions for a certain amount of time. 

Then, the potential of the exit electrode is switched back to the TW potential to allow the ions to 

exit the trap and follow the TW. The ion trajectory in trapping-mode is shown in Figure 3.4(c). The 

simulations show that the on-board traps in SLIM can be utilized for ion storage and release. 
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Figure 3.4: Ion trajectory simulations for (a) a 90° turn, (b) normal-mode without trapping, and (c) 

trapping mode on version 1 of the SLIM device. The DC blocking potential applied to the TW pads 

is highlighted in red.  
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3.4 Sample preparation 

The peptides GRGDS, SDGRG, and Bradykinin (BK) were purchased from Sigma Aldrich. The 

pentapeptide AAPPA sample was synthesized by Erin Panczyk from Ohio State University. All 

samples were prepared in 50:50 solution of water/methanol to yield a concentration of 10-20 µM. 

The TW parameters for optimal ion mobility separation were determined empirically. Typical IMS 

parameters used for the experiments were: RF frequency 885 kHz; RF amplitude 150 Vpp, TW am-

plitude of normal SLIM track 20 V; TW amplitude of trap section 16V. The resolution of the SLIM 

devices was determined using He drift gas at 3 mbar pressure. All fragmentation studies were done 

using N2 both as a drift gas and a collision gas at a pressure of 1.5 mbar. The gases used have a pu-

rity of 99.9999%. 

3.5 SLIM-IMS-CID device (version 1) 

3.5.1 Characterization of resolving power of SLIM version 1 

To determine the separation power of this device (Figure 3.2(c)), we used a reverse-sequence pair 

of peptides, GRGDS and SDGRG, which differ by 2.8% in collisional cross section (145.6 Å2 and 

149.7Å2, respectively) in their doubly-protonated form.5  The travelling-wave parameters were op-

timized to get the best separation. 

The single-pass pathlength of the serpentine track of SLIM-IMS-CID module is 1.5 m. The path-

length can be increased by routing back the ions to the SLIM entrance using a T-switch at the exit 

of the device. Arrival time distributions (ATDs) of the mixture of the two peptides as a function of 

the number of separation cycles are shown in Figure 3.5(a). One can clearly observe an improve-

ment in separation with increasing number of cycles. Due to a complex relationship between the 

arrival times and CCS values, the resolution of this TW-IMS device cannot be calculated directly.6 

Therefore, we calibrate the arrival time scale with previously calculated CCSs for these two pep-

tides. Assuming a linear relation between the two, the resolution (𝑅) for the two peptides as a func-

tion of separation cycles (𝑛) was determined using the following peak-width definition of the reso-

lution:  

𝑅 =
Ω
ΔΩ 3.1 

where,	Ω	and	ΔΩ are the CCS and full width at half of the peak height  on the CCS axis, respective-

ly. 
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The resolving power of TW-IMS instruments depends on the pathlength (𝑙) and increases with the 

number of separation cycles (𝑛), scaling as √𝑛𝑙. In Figure 3.5(b), the solid line represents a fit ac-

cording to the relationship 𝑓(𝑥) = 𝑏 + 𝑎√𝑥,	where 𝑥 corresponds to the pathlength. A single sepa-

ration cycle yields a resolving power of approximately 60 and reaches approximately 300 after 8 

cycles (~13 m pathlength) for SDGRG. 

 

Figure 3.5: (a) Arrival time distributions of a mixture of isomeric peptides GRGDS and SDGRG in 

their doubly-protonated form for different numbers of separation cycles (n). (b) Ion mobility resolv-

ing power of the 1.5 m cyclic SLIM-IMS-CID device as a function of 𝑛. The fit functions 𝑓(𝑥) =

(−57 + √115	𝑥) for GRGDS and 𝑓(𝑥) = (−80 + √132	𝑥) for SDGRG are shown in black. 

3.5.2 Operation of the trap: ion filling, storage, and release 

Our SLIM-IMS-CID device features a 1.5 m serpentine track for ion separation and a series of on-

board traps for selection, storage, and fragmentation (Figure 3.6(A) and (B)). The procedure by 

which the ions are selected and stored in an on-board trap can be explained with the help of the tim-

ing diagram displayed in Figure 3.6(C), which shows the voltages applied to various electrodes.  

During period 1, precursor ions are separated on the serpentine track by a travelling wave of 20 V 

amplitude. When a packet of precursor ions of a certain mobility approaches the trap entrance, we 

steer them into the trap during period 2 by applying a 40 V DC bias to the blocking electrodes (trace 

(a)) while simultaneously lowering the bias on the trap entrance electrodes (trace (b)) and applying 

a travelling wave to them. After the parent ions of interest enter the trap, the entrance electrodes are 

blocked with a 40 V bias. During period 3 in which precursor ions are stored in the trap, a TW con-

tinually pushes the ions towards the exit electrodes. During period 4, the ions are released from the 
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trap by applying a TW wave to the exit electrodes while simultaneously lowering their bias poten-

tial by 40 V (trace (f)). The ions follow the travelling wave to further separate or exit the SLIM de-

vice towards the cryogenic trap, where a vibrational spectrum (period 4) can be recorded. The bias 

potential of all electrodes inside the trap (DC guard, RF, and TW electrodes) is the same as that of 

the normal serpentine track (traces (c)-(e), respectively). The conditions for performing fragmenta-

tion in the trap will be discussed in the following section. 

 

Figure 3.6: Layout of SLIM-IMS-CID device. (A) overview of version 1 of the SLIM board; (B) 

details of the on-board traps; (C) potentials used for isolating, trapping, and releasing in the trap 

section of the SLIM board. Periods for mobility separation (1), trap filling (2), ion trapping (3), ion 

release and further separation or exiting the board (4) are indicated on the bottom axis. 



Experimental setup and design of SLIM-IMS-CID devices 

 71 

The selection and storage of the trap was demonstrated using the peptide bradykinin (BK). The pre-

cursor ions are first separated on the serpentine track. The ATD of BK ions under separation condi-

tions features both doubly- (BK2+) and triply-protonated ions (BK3+), with BK3+ ions arriving be-

fore than BK2+ ions, as shown in Figure 3.7(a). Only BK3+ ions are diverted into the trap and stored 

for 10 ms (Figure 3.7(b)) before reinjecting them back onto the separation track. The ions released 

from the trap are slightly separated due to a short path that they follow before exiting the SLIM de-

vice. The ions released from the trap were made to undergo an additional SLIM-cycle before they 

exit the SLIM device, as shown in Figure 3.7(c). These results demonstrate that we can successfully 

confine mobility-selected ions. 

 

Figure 3.7: Arrival time distributions of (a) triply- and doubly- protonated bradykinin ions after one 

SLIM cycle, (b) BK3+ ions loaded into the trap and released after 10 ms, (c) BK3+ undergoing an 

additional SLIM cycle before exiting the SLIM device. 

3.5.3 Performing on-board CID 

To fragment ions by CID, they are first loaded and stored in the trap as described above (period 1-3, 

Figure 3.6). The potentials to fragment the stored ions are shown in Figure 3.8. During period 3 in 

which ions are stored in the trap, a TW continually pushes the ions towards the exit electrodes. To 

perform fragmentation, the bias potential of all electrodes in the trap (DC guard, RF, and TW) are 

first raised by 100 V for 3 ms (period 4, traces (c)-(e), respectively), while the exit electrode bias is 

raised by 140 V. To release and accelerate the stored ions, the TW wave is then applied to the exit 
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electrodes while simultaneously lowering their bias potential by 180 V (trace (f) and period 5). The 

potential difference of 100 V between the trap and the normal serpentine track accelerates ions, 

causing them to be energized by collisions with the drift gas and fragmented as they exit the trap. 

The fragments created in this way follow the TW towards the exit of the SLIM device and are either 

recycled for additional mobility separation (period 6) or diverted to the cryogenic trap, where we 

record a vibrational spectrum. 

 

 

Figure 3.8: Potentials for performing CID in the trap section of the SLIM board. Periods for mobili-

ty separation (1), trap filling (2), ion trapping (3), bias increase (4), ion release and fragmentation 

(5), and further separation or exiting the board (6) are indicated. 
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3.5.4 Characterization of on-board CID 

On-board CID was characterized using a pentapeptide AAPPA. The singly-charged, protonated 

peptide ions [AAPPA+H]+ (m/z = 426) were first separated from unwanted ions by their mobility 

and loaded into the on-board trap. The fragmentation pattern generated upon raising the trap bias 

and ejecting parent ions is compared to that obtained on a commercial Q-ToF (Waters Premier) in 

Figure 3.9. In both cases, the major fragments observed upon CID are the b3, b4 and y4 ions as well 

as the internal fragments AP, PP and APP. As shown in the Figure 3.9, the fragmentation pattern for 

AAPPA in the SLIM trap is similar to that obtained on the Q-TOF with ions accelerated into the 

collision region with 20-25 eV. 

 

 

Figure 3.9: Comparison of CID MS-MS spectra of singly-charged, protonated peptide AAPPA ob-

tained by on-board CID and Q-ToF Premier, both of which use N2 as a collision gas. 
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3.6 SLIM-IMS-CID device (version 2) 

3.6.1 Design of version 2 of our SLIM device 

The basic unit of version 2 of our SLIM device is the same as that of the previous design (Figure 

3.2(a)). It has a single-cycle pathlength of ~1.5 m, and the two mirrored PCBs are spaced by a dis-

tance of 2.75 mm between them. Similar to version 1, we implement the 90° turns to achieve a ser-

pentine pathlength of 1.5 m and T-switches for diverting ions into the trap section and also making 

them exit the SLIM device. The schematic of the board design for version 2 is shown in Figure 

3.10(a). 

 

 

Figure 3.10: (a) Schematic of SLIM board version 2 featuring 90° turns, T-switches, and on-board 

traps. (b) Trap section containing a shorter and a longer trap. 
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A feature of this new design is that it contains a trap section that can be configured with two differ-

ent lengths for specific purposes (see Figure 3.10(b)). The shorter trap is used to perform CID, and 

the longer trap is used for enrichment of the ion signal. 

The CID trap in this version, as shown in Figure 3.10(b), is three times longer than version 1. The 

greater length allows one to load more parent ions into the trap for fragmentation, which would in-

crease the number of trapped product ions for performing spectroscopy.  

The traps are also useful for improving sensitivity by accumulating several IMS-selected ion pack-

ets from the dual ion funnel trap (IFT). After mobility separation, the ions of interest can be loaded 

into the traps using the method as described above. The trap exit is blocked so that ions of the de-

sired mobility from several ion packets can be accumulated in the trap. This process helps to im-

prove the signal until the traps begin to overfill. For the short trap (see Figure 3.11), the ion signal 

increases linearly with the number of ion packets accumulated. A threefold increase in ion signal is 

observed after accumulating five ion packets compared to one ion packet. However, after this the 

signal starts to saturate, and we do not observe significant improvement upon accumulating more 

ion packets. This indicates that we are beginning to reach the space-charge limit of the trap. 

The long trap allows one to accumulate more ion packets from the IFT compared to the short trap. 

As shown in Figure 3.11, accumulation of eight ion packets leads to a fourfold increase in the ion 

signal, after which we do not observe significant improvement. While the shorter trap can also be 

used for signal enrichment purposes, the longer trap is particularly useful for improving sensitivity 

to a greater extent especially, in cases when the ion signal is low and difficult to detect. 
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Figure 3.11: Improvement in the ion signal as a function of number of ion packets accumulated in 

the short and the long trap. The ion signal improvement ratio is obtained by dividing the integrated 

area of the mobility peaks obtained by accumulating several ion packets by that of one ion packet. 

3.6.2 Characterization of resolving power of the SLIM version 2 

We used a pair of reverse-sequence peptides, GRGDS and SDGRG, differing by 2.8% in collisional 

cross section (145.6 Å2 vs 149.7 Å2, respectively) in their doubly-protonated form to determine the 

resolving power of version 2 of our SLIM board. The single-pass pathlength of the serpentine track 

of the version 2 module is 1.5 m. Arrival time distributions of the mixture of the two peptides for 

different numbers of separation cycles are shown in Figure 3.12(a).  

The resolving power was determined using the same procedure as described in section 3.5.1. The 

solid line in Figure 3.12(b) represents a fit according to the relationship 𝑓(𝑥) = 𝑏 + 𝑎	√𝑥,	where 𝑥 

is the pathlength. A single separation cycle yields a resolving power of approximately 50 and reach-

es approximately 260 after 8 cycles (~13 m pathlength) for SDGRG. 
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Figure 3.12: (a) Arrival time distributions of a mixture of isomeric peptides GRGDS and SDGRG 

in their doubly-protonated form for different numbers of SLIM-cycles (𝑛). (b) Ion mobility resolv-

ing power of version 2 of the SLIM-IMS-CID device as a function of 𝑛. The fit functions 𝑓(𝑥) =

(−63 + √118𝑥) for GRGDS and 𝑓(𝑥) = (−88 + √127𝑥) for SDGRG are shown in black. 

3.6.3 Characterization of on-board CID on SLIM version 2 

We characterized the on-board CID process on the new board design using a pentapeptide AAPPA. 

The singly-charged, protonated peptide ions [AAPPA+H]+ (m/z = 426) were separated from un-

wanted ions by ion mobility and loaded into the CID trap. The fragmentation pattern generated up-

on raising the trap bias and ejecting ions is compared to that obtained with the previous SLIM board 

(Figure 3.13). We observe major fragments b3, b4 and y4 ions as well as the internal fragments AP, 

PP and APP in both cases. As shown in the figure, the fragmentation pattern for AAPPA on both 

boards is similar. 
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Figure 3.13: Comparison of MS-MS spectra of the singly charged, protonated peptide AAPPA ob-

tained by on-board CID on SLIM-IMS-CID devices (a) SLIM version 1 and (b) SLIM version 2 

using N2 as a collision gas. 

 

The version 1 of the SLIM-IMS-CID device is used for the work described in Chapter 4. To in-

crease the efficiency of the CID process, a newer version of the device with higher mobility resolu-

tion and a different fragmentation method was developed by Warnke et al., which will be described 

in the next section. This was done by introducing a grid assembly at the trap entrance. The applica-

tion of the voltage gradient across the grids allows one to create a well-defined homogeneous elec-

tric field to accelerate ions, therefore increasing the efficiency of on-board fragmentation. A de-

tailed overview of the new-generation instrument featuring a newer version of SLIM device is given 

in the next section. 
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3.7 Experimental setup of the new-generation instrument 

The new-generation instrument combining SLIM-based IMS 3,4 with CID and messenger-tagging 

IR spectroscopy7 is described in this section. As reported by Warnke et al., the SLIM module in the 

new instrument features much higher resolution with a single-pass pathlength of 10 m to perform 

IMS separation, and it contains a grid assembly to perform on-board CID. All experiments 

described in Chapters 5, 6, 7, and 8 were performed on the new-generation instrument.  

3.7.1 Overview of the new-generation instrument 

The new-generation home-built instrument couples SLIM-based IMS with a planar cryogenic multi-

trap assembly and a ToF mass spectrometer,8 as shown schematically in Figure 3.14. Ions generated 

by nESI are guided by a dual-stage ion funnel source assembly (MassTech, USA) and a ring 

electrode guide onto the SLIM-based ion mobility module. In the SLIM-IMS device, the TW 

electric potentials are applied on a PCB ‘sandwich’ to propel the ions through N2 drift gas 

maintained at a pressure of 2.2 mbar. Upon entering the SLIM module, the ions are first 

accumulated in a two-meter storage section9 and then released as pulses, microseconds to a few 

milliseconds in duration, onto the separation section. A second ring-electrode guide, placed at the 

exit of the SLIM device, transfers ions through a conductance limit and a series of multipole guides, 

which takes them through differential pumping stages (10-2, 10-4 and 10-6 mbar) into high vacuum. 

The first pumping stage (10-2 mbar) includes another ring-electrode guide, followed by a 

quadrupole and an octupole in the second stage (10-4 mbar). The incoming ions are then guided by 

two multipole guides in the third stage (10-6 mbar). At this stage, two channeltron detectors are 

placed orthogonally to the guide and used to record ATDs. An octupole guide and an einzel lens 

assembly then directs incoming ions into planar cryogenic multi trap maintained at a temperature of 

45 K.  The planar trap is attached to two copper plates placed at the top and bottom to ensure 

homogeneous cooling. The copper plates are connected to the He cryostat (RDK 408 Sumitomo, 

Japan), which allows the trap to reach temperatures of as low as 3 K. The temperature of the trap is 

controlled using cartridge heaters (Lake Shore Cryotonics, Inc.) placed at various positions of the 

copper plates. Prior to the arrival of the incoming ions, a He:N2 mixture (80:20) is pulsed into the 

trap to help confine and cool them. During this process, the ions form weakly-bound clusters with 

one or two N2 molecules, which are used to perform messenger-tagging IR spectroscopy. The 

tagged ions are irradiated for 50 ms with a CW, mid-IR, fiber-pumped laser (IPG Photonics), 

operated at 0.5-1 W output power with a linewidth of ~1 cm-1. When the IR radiation is in 

resonance with a molecular vibration, absorption of an infrared photon causes the N2 tag to boil off, 
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which is detected by commercial ToF mass spectrometer (Tofwerk). We then obtain the IR 

spectrum of the species by plotting the ratio of the tagged ion signal to the sum of the tagged and 

untagged ion signal as a function of laser wavenumber, as discussed in detail in Chapter 2. 

 

 

Figure 3.14: Schematic overview of the new-generation instrument combining SLIM-based IMS 

with a planar cryogenic multi-trap assembly and a ToF mass spectrometer. 

3.7.2 Performing on-board CID 

While the new SLIM module has the same basic electrode design as described in Figure 3.2, it 

differs from the previous design in various ways, as shown in Figure 3.15(a). Firstly, it features an 

accumulation region of 2 m in length, which is used to collect electrosprayed ions in packets, which 

was formerly done in the ion funnel trap. Secondly, it has a path length of 10 m on a board size 

measuring 50 cm x 40 cm, thereby achieving a single-pass resolving power of ~200,8 with the 

possibility to route the ions back to the entrance for additional cycles, thus achieving even higher 

resolving power. Thirdly, the method for on-board CID is different. In the previous design 

presented in Sections 3.2 and 3.6, a difference in the DC voltage bias of the on-board trapping 

region with respect to that of the separation region enabled one to perform CID.10 In the new 
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design, as shown in Figure 3.15(b), Warnke et al. make use of two metallic grids placed at the 

entrance of the trap and separated by a distance of 0.8 mm to achieve a homogeneous electric field 

of up to 3300 V cm-1 for efficient CID.8 

 

 

Figure 3.15: (a) Schematic of the SLIM-board in the new-generation instrument featuring an 

accumulation section (yellow), separation section with a single pass pathlength of ~10 m, and CID 

traps (red). (b) Inset of a CID trap featuring two metallic grids placed at its entrance for efficient 

fragmentation.8 

 

The IMS-IMS experiments consist of the following sequence: 

(i) The parent ions are separated by their mobility on the 10 m serpentine track.  

(ii) The ions of certain mobility are diverted into the CID trap using a T-switch, which is held at a 

lower potential bias than the separation region. The diverted ions experience a homogeneous 

electric field of up to 3300 Vcm-1 as they pass through the grid assembly and further undergo 

fragmentation upon energetic collisions with the drift gas. 

(iii) The bias potential of the trap is raised to the level of the separation region to allow both the 

parent and first-generation fragment ions to exit the trap.  
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(iv) The isomeric fragments either exit the SLIM device or undergo addition mobility-separation 

before being directed to the cryogenic ion trap, where we record the IR spectrum of fragment ions.  

The setup thus enables us to perform IMS-IMS experiments with ultrahigh resolution followed by 

the acquisition of cryogenic IR spectra of mobility-separated fragments. 

The SLIM module parameters for optimal ion mobility separation and fragmentation for the results 

presented in Chapters 5, 6, 7, and 8 were determined empirically. Typical IMS parameters used 

were: RF frequency 570 kHz, RF amplitude ~150 Vpp, TW amplitude 30V, N2 drift gas pressure 

2.2 mbar. A potential difference of ~ 100 - 200 V was applied across the grid assembly for acceler-

ating ions for collision-induced dissociation.  
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 Using SLIM-Based IMS-IMS with 
cryogenic infrared spectroscopy for glycan 
analysis*  

 

Glycan analysis poses a formidable analytical challenge due to their immense isomeric complexity. 

While combining ion mobility spectrometry (IMS) with tandem mass spectrometry (MSn) is a 

powerful method for glycan analysis, it has difficulty distinguishing subtle differences between 

isomers. Moreover, isomeric glycans produce isomeric fragments that cannot be differentiated 

unless there is a tool available to achieve isomeric separation of the fragments. The ability to 

fragment ions directly on the SLIM board, as demonstrated in Chapter 3, offers the ability to 

separate the isomeric fragments by their mobility as they undergo additional separation cycles on 

the SLIM board. Cryogenic infrared (IR) spectroscopy provides an additional dimension for glycan 

identification that is extremely sensitive to their structure. This chapter demonstrates the power of 

combining SLIM-based IMS-IMS with cryogenic IR spectroscopy for glycan analysis. We apply 

our new approach to study the mobility and vibrational spectra of CID fragments from two human 

milk oligosaccharides (HMOs). Comparison of both the fragment drift times and IR spectra with 

those of suitable reference compounds allows us to identify their specific isomeric form, including 

the anomericity of glycosidic linkage. 

 

 

 

 

                                                
* This chapter is based on the publication ‘Using SLIM-based IMS-IMS together with cryogenic infrared spectroscopy for glycan analysis’, 
Bansal, P.; Yatsyna, V.; AbiKhodr, A.H.; Warnke, S.; Ben Faleh, A.; Yalovenko, N.; Wysocki, V.H.; and Rizzo, T.R. Anal. 
Chem. 92, 13, 9079-9085, 2020. 
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4.1 Introduction 

Glycans play major metabolic, physical and structural roles in all biological systems.1 They mediate 

molecular interactions involved in the immune response, inflammation, and cellular signaling, for 

example.2,3 Unfortunately, as described in Chapter 1, they are inherently complex and difficult to 

analyze. To completely define the primary structure of a glycan, the monosaccharide composition, 

glycan sequence, anomericity of each glycosidic linkage, location of functionalization sites, and 

branching pattern must all be determined. This requires extremely powerful tools. 

Mass spectrometry (MS) is one of the most important methods for structural characterization of 

glycans due to its speed and sensitivity.4-6 While MS alone is unable to distinguish isomeric species, 

its combination with liquid chromatography7,8 and enzyme degradation9 enables the resolution of 

many of these isomers. Moreover, MSn techniques can provide detailed information including 

monosaccharide composition, connectivity, and branching.10-12 A variety of dissociation techniques 

have been employed for tandem MS of glycans, including collision induced dissociation (CID),13,14 

infrared multiphoton dissociation (IRMPD)15 and electron-based methods.16-18 While CID is the 

most common method used in tandem MS, it induces fragmentation primarily at the glycosidic 

linkage in positively charged glycans. It has been largely assumed that cross-ring fragmentation is 

necessary to obtain information on the anomericity of the glycosidic bonds, and this has led to CID 

investigations of anionic glycans as well as the use of electron-based dissociation methods for 

cationic glycans.16-18  However, recent experiments from Compagnon and coworkers19 as well as 

those by Rizzo group20 have shown that the anomericity of glycosidic bonds seem to be retained in 

the Cn fragments21 produced by CID, which renders this approach particularly powerful for glycan 

analysis.  

Nevertheless, apart from relatively small glycans, MSn alone cannot distinguish among all isomeric 

forms. However, its limitations can be overcome by using MS in conjunction with additional 

orthogonal separation techniques. Ion mobility spectrometry (IMS), which separates gas-phase ions 

based on their average collision cross section (CCS), can be easily coupled to MS for glycan 

analysis. A particularly promising technique combines IMS with tandem MS, since the mobility of 

the fragments can be more informative than that of the intact parent ions.22-29 However, until 

recently, the available IMS techniques did not have sufficient resolving power for unambiguous 

identification of isomeric species. Using what they have termed structures for lossless ion 

manipulations (SLIM),30-33 Smith and coworkers have demonstrated ultrahigh-resolution ion 

mobility and applied it for glycan separation.34 In a similar approach, a cyclic IMS system has been 
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recently developed to perform (IMS)n-MS experiments and has been employed to study 

pentasaccharides.35-40  

For unambiguous identification of glycans, one can also add a spectroscopic dimension to 

IMS-MS. Vibrational spectroscopy in particular reveals important conformational and structural 

features, and several groups have combined it with MS for structural analysis of a variety of 

biomolecules,41,42 including glycans.43-46 While the use of IRMPD combined with MS has revealed 

anomer retention during CID of glycans,19 the limited spectral resolution at room temperature 

restricts its application to relatively small glycans and fragments.47 The spectral resolution can be 

improved by cryogenically cooling the ions, either in cold ion traps48-50 or in liquid helium 

droplets.51  Recently, ion mobility spectrometry has been combined with cryogenic vibrational 

spectroscopy for identification and characterization of glycans, but the limited IMS resolution did 

not allow the separation of glycan isomers with subtle differences.43 A promising approach to 

overcome this limitation combines SLIM-based ultrahigh-resolution IMS with cryogenic IR 

spectroscopy.48,49 Furthermore, isomeric glycans frequently produce isomeric fragments, and until 

now there has been no tool available to achieve isomer separation of the parent glycan prior to 

spectroscopic characterization of the fragments. We demonstrate here a new technique for the 

structural elucidation of glycans by combining ultrahigh-resolution, SLIM-based ion mobility with 

tandem mass spectrometry and cryogenic ion vibrational spectroscopy. This approach allows 

mobility separation of a parent glycan followed by CID, mobility separation of the fragments, and 

subsequent cryogenic IR spectroscopy of the fragments. This will enable the construction of a 

spectroscopic database for identifying fragments, which can then be used to help determine the 

parent glycan structure. 

4.2 Experimental method 

We perform ion mobility separation of glycans using version 1 of our SLIM board with a serpentine 

path of 1.5 m.  After initial mobility separation of the parent glycan, we load ions of interest into an 

on-board trap and subsequently raise its bias potential. As described in Chapter 3, fragment ions are 

formed upon releasing parent ions from the trap and reinjecting them onto the main track, where 

parent ions and fragments are separated as they undergo additional separation cycles on the SLIM 

board. We then transfer fragment ions from a particular mobility peak to a cryogenic ion trap, where 

we measure a vibrational fingerprint spectrum by messenger-tagging spectroscopy. The spectral 

identification of the fragment ions was based on the visual comparison to the reference spectra. The 

experimental setup and the method have been discussed in detail in Chapter 3. Although there are 
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five traps, only one was used for CID, and the entrance electrodes of all other traps were blocked. 

For each sample, the TW parameters for optimal ion mobility separation were determined 

empirically.  

4.3 Sample preparation  

Glycan standards N-acetyl-D-lactosamine (Galb1-4GlcNAc), lacto-N-neotetraose (LNnT),  

lacto-N-tetraose (LNT) were purchased from Dextra (UK), while lacto-N-hexaose (LNH) was 

purchased from Carbosynth (UK).  All were used without further purification. For 

nanoelectrospray, Galb1-4GlcNAc, LNnT, and LNT samples were prepared in a 50:50 solution of 

water/methanol, and LNH was prepared in a 30:70 solution of water/acetonitrile to yield a 

concentration of 10-30 µM. All solvents were HPLC grade. The experiments were performed using 

N2 as both a drift gas for ion mobility and a collision gas for CID.  

4.4 Results and discussion 

4.4.1 IMS-IMS combined with cryogenic IR spectroscopy  

Having gained the ability to fragment ions directly on the SLIM board as shown in Chapter 3, we 

applied this technique to characterize glycan fragmentation, starting with the HMO LNnT. Singly 

charged, sodiated LNnT ions (m/z =730) were loaded into the trap and fragmented. The bottom 

trace of Figure 4.1(a) shows the ATD of parent ions that are trapped for 55 ms and then sent 

through an additional cycle on the SLIM board before exiting and being detected. The upper trace 

shows the result using the same timing, but this time raising the bias potential of the trap before 

ejecting ions back onto the separation track.  Fragmentation of the parent glycan ions as they exit 

the trap results in fragments that are separated from the parent during the additional SLIM cycle 

after CID. In this case, four well-resolved fragment peaks arrive earlier than the parent ions. 
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Figure 4.1: (a) ATD of the singly-sodiated LNnT ions with and without fragmentation, on the top 

and bottom, respectively, after the ions exit the trap and undergo one additional SLIM cycle.  

(b) Mass spectrum of LNnT and its CID fragments. 

 

The mass spectrum (Figure 4.1(b)) was recorded by sending all the ions in the ATD to the ToF 

mass spectrometer. Fragmentation occurs mainly at the glycosidic linkages, and the major fragment 

produced is the B2 fragment at m/z 388 along with other B/Y fragments (B3, Y3, Y4). The C/Z (C2, 

Z2) fragments appear but are much less abundant. The C fragments correspond to an intact glycan 

and may contain information about the anomericity of glycosidic linkages, and for this reason we 

focused on the C2 fragment.   
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4.4.2 Anomeric memory during breakage of the glycosidic bond 

To address the question of whether anomericity is retained upon fragmentation, we used the intact 

disaccharide (Galb1-4GlcNAc), which corresponds to the C2 fragment from LNnT, as a reference. 

To be able to compare the ATD of the reference compound with that of the C2 fragment, it is 

important that they follow exactly the same path on the SLIM device. The disaccharide reference 

ions are first isolated and loaded into the trap, where they remain for few milliseconds, and then 

subjected to a few additional separation cycles after exiting the trap. The same was done for the C2 

fragments. As shown in Figure 4.2(a) (top), the ATD of the reference compound exhibits two peaks 

after nine cycles on the SLIM board. The observation of two peaks in the ATD seems to be 

characteristic of reducing sugars.34,49 These peaks have been attributed to the a and b anomers of 

the monosaccharide at the reducing-end, and their intensities reflect the a/b equilibrium ratio in 

solution.52 The observation of only a single mobility peak in the C2 fragments from LNnT in  

Figure 4.2(a)(bottom) suggests that only one of the two anomers is present after fragmentation. To 

confirm this, the spectroscopic fingerprint of both mobility peaks of the Galb1-4GlcNAc reference 

were recorded and compared to that of the C2 fragment, as shown in Figure 4.2(b). A simple visual 

comparison shows that the IR spectrum of the C2 fragment corresponds to that of the second drift 

peak. These results confirm the retention of anomericity under the CID conditions used in this 

work. In previous CID experiments on LNnT performed at low pressure and without mobility 

analysis,20 we demonstrated on the basis of its vibrational spectrum alone that the C2 fragment 

corresponds to only one of the two species that we observe upon high-resolution mobility separation 

of the Galb1-4GlcNAc reference compound. In this work where we perform CID at millibar 

pressures, we not only obtain the same spectrum as recorded before;20 we also measure the mobility 

of the fragment and see that it matches to only one of the two mobility-separated peaks of the 

reference compound.  

In the case of the disaccharide GalNaca1-3Gal, we previously assigned the absolute configuration 

of the anomeric OH using anomerically pure, methylated reference compounds together with 

oxygen-18 substitution.49 While we have not done this in the case of Galb1-4GlcNAc, the fact that 

we break a b glycosidic linkage and observe only a single anomer rather than a mixture strongly 

suggests that the slower mobility peak in Figure 4.2(a) corresponds to the b anomer and the faster 

one to the a anomer. It seems unlikely that configuration about the anomeric carbon of Galb1-

4GlcNAc would invert with 100% yield from b to a upon CID, although, we cannot rule it out 

without using anomerically pure reference compounds. 
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Figure 4.2: (a) ATD of reference sugar Galb1-4GlcNAc (top) and the C2 fragment (bottom) 

generated upon CID of singly-sodiated LNnT ions, both obtained after 9 SLIM cycles. (b) The two 

upper traces represent the cryogenic IR spectrum of the mobility-separated anomers of Galb1-

4GlcNAc, and the bottom trace represents the IR spectrum of the C2 fragment. 

4.4.3 Isomeric fragment identification 

Glycan sequencing is challenging not only because of the presence of various isomeric forms of the 

parent molecule, but also because the fragments can themselves be isomeric. Figure 4.3 shows the 

mass spectrum of the hexasaccharide LNH (singly-sodiated, m/z = 1095) upon CID on our SLIM 

board. The Y2 fragment, which consists of an intact glycan of m/z 730, can arise from two different 

fragmentation paths. The LNH precursor can either lose the top branch, yielding the tetrasaccharide 

Galb1-3GlcNacb1-3Galb1-4Gl (lacto-N-tetraose, LNT), or the bottom branch yielding Galb1-

4GlcNacb1-6Galb1-4Glc, which is not commercially available as a standard. Both fragments have 

the same composition, corresponding to m/z 730 (in the sodiated form) and only differ in the 

configuration of two glycosidic bonds. 
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Figure 4.3: CID mass spectrum of singly-sodiated LNH ions obtained by on-board CID. 

 

To be able to use tandem mass spectrometry to reconstruct the parent glycan structure in such cases, 

we must to be able to distinguish these types of isomeric fragments. To do so, we allowed these 

fragment ions to undergo additional SLIM cycles after they exit from the trap. The single peak at 

m/z of 730 separates into three different peaks in the ATD, shown on the bottom left of Figure 4.4. 

These peaks could correspond to the different isomeric fragments or to conformers of a single 

fragment.  
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Figure 4.4: Arrival time distribution of the Y2 fragment of m/z 730 formed upon fragmentation of 

LNH. The cryogenic IR spectrum of mobility-separated drift peaks is shown below (green, pink and 

blue trace for first, second and third peak respectively). The grey traces show the IR spectra of the 

LNT reference for comparison. 

To investigate this, we recorded the cryogenic IR spectrum of each of the mobility-separated peaks 

of fragment with m/z 730. The ATD of the LNT reference compound, which would be the fragment 

produced from CID of LNH if it would lose the upper branch, displays two mobility peaks after one 

separation cycle (Figure 4.5). We recorded the cryogenic IR spectrum of both mobility peaks of the 

LNT reference compound. The comparison of spectra of each of the peaks of m/z 730 fragment  

generated from LNH with that of the two peaks observed for the LNT reference standard is shown 

in Figure 4.4. 
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Figure 4.5: Arrival time distribution of LNT reference compound obtained after one SLIM 

separation cycle. 

 

One can clearly see that none of the measured spectra correspond to that of either isomer of LNT, 

which suggests that the Y2 fragment results from loss of the upper branch. Stahl and coworkers 

reported a similar result for CID of LNH in negative-ion mode.53 While we have excluded the 

possibility that Y2 corresponds to LNT, further experiments are needed to characterize the nature of 

the species that give rise to the observed ATD features and spectra. Nevertheless, the data of Figure 

4.4 demonstrates the ability of our new technique to distinguish between isomeric fragments, 

making it a powerful tool for glycan sequencing.  

The drift times of the LNT reference measured in Figure 4.5 cannot be directly compared with those 

shown in Figure 4.4 for the Y2 fragment since LNT ions were not stored in the onboard traps and 

the separation parameters used were completely different. The separation of LNT shown above was 

simply used for spectroscopic measurements of the individual LNT species. 

4.5 Conclusions 

We have demonstrated a new approach for glycan identification by combining IMS-IMS with 

cryogenic IR spectroscopy. The first results illustrate the ability of this tool to address fundamental 

questions regarding the fragmentation mechanism of the glycosidic linkage. In the case of the 

tetrasaccharide LnNT, we found that the anomeric configuration of the glycosidic bond is preserved 

upon generation of the C2 fragment; we could make this assignment on the basis of either the 

fragment ATD or its cryogenic vibrational spectrum. We also used this new tool to study a larger 

glycan, LNH, where there is a possibility to generate isomeric fragments. Ultrahigh-resolution  

IMS-IMS combined with cryogenic IR spectroscopy shows that at least three distinct isomers of the 

Y2 fragment of LNH exist, and that none of them result from the loss of the bottom branch.  
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More generally, having the ability to separate isomeric fragments based upon high-resolution ion 

mobility allows us to record their spectroscopic fingerprint, and this is particularly important for 

those for which standards are not available commercially. This approach would help us to create a 

database of all possible fragments, which in the case of Cn fragments, provides information about 

the stereochemistry of glycosidic bonds. Such a database should facilitate reconstruction of the 

parent glycan structure. Once this is determined, the vibrational spectrum of the parent glycan can 

then be entered into the database and used for identification. 

 

In the following chapters, we will apply this new approach to distinguish isomers of a selection of 

N-glycans. 
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 Identification of N-glycan positional 
isomers by combining IMS and vibrational  
fingerprinting of structurally determinant CID 
fragments* 

 

While glycans are present on the surface of cells in all living organisms and play key roles in most 

biological processes, their isomeric complexity makes their structural characterization challenging. 

Of particular importance are positional isomers, for which analytical standards are difficult to ob-

tain. We combine SLIM-based IMS-IMS with cryogenic IR spectroscopy to determine the structure 

of N-glycan positional isomers. This approach is based on separating the parent molecules by 

SLIM-based IMS, producing diagnostic fragments specific to each positional isomer, separating the 

fragments by IMS, and identifying them by comparing their IR fingerprints to a previously recorded 

reference spectra. In this chapter, we demonstrate this strategy using a bottom-up scheme to identify 

the positional isomers of the N-linked glycan G0-N, in which a terminal  

N-acetylglucosamine (GlcNAc) is attached to either the α-3 or α-6 branch of the common N-glycan 

pentasaccharide core. We then use IR fingerprints of these newly-identified isomers to identify the 

positional isomers of G1 and G1F, which are biantennary complex-type N-glycans with a terminal 

galactose attached to either the α-3 or α-6 branch, and in the case of G1F a fucose attached to the 

reducing-end GlcNAc. Starting with just a few analytical standards, this fragment-based spectros-

copy method allows us to develop a database that we can use to identify positional isomers. The 

generalization of this approach would greatly facilitate glycan analysis. 

 

 

                                                
* This chapter is based on the publication ‘Identification of N-glycan positional isomers by combining IMS and vibrational fingerprinting of 
structurally determinant CID fragments, Bansal, P.; Ben Faleh, A.; Warnke, S.; and Rizzo, T.R. Analyst, 147, 704-711, 2022. 
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5.1 Introduction 

The analysis of glycans represents a major challenge due to their inherent structural diversity and 

complex biosynthesis. The isomeric nature of the monosaccharide building blocks gives rise to a 

myriad of glycan isomers differing in sequence and linkage. Of particular importance are positional 

isomers resulting from the addition of a monosaccharide unit to different branches of a glycan. For 

example, galactose (Gal) is ubiquitously found at the non-reducing end of N-glycans and plays an 

important role as a biomarker for many diseases.1-3 The terminal Gal position of N-glycans can also 

affect the efficacy of biotherapeutics. For example, recent studies have shown that the position of 

the terminal Gal in the N-glycan G1F, in which Gal is either attached to the α-3 (G1F(3)) or the α-6 

(G1F(6)) branch, influences the effector functions of therapeutic monoclonal antibodies.4 It is there-

fore important to be able to differentiate such structural isomers. 

We have previously demonstrated that cryogenic vibrational spectroscopy can be used for the iden-

tification of glycan isomers based on their unique IR absorption spectrum.5-7 Such fingerprint spec-

tra are robust identifiers, since they are inherent to a given molecule and largely insensitive to ex-

perimental conditions. An IR spectrum can thus positively identify a compound even when the 

spectra of other possible isomeric species are not known. The combination of IR fingerprinting with 

SLIM-based ultrahigh-resolution IMS was subsequently demonstrated to be a powerful tool for the 

analysis of glycan mixtures.8-11 However, any identification method that relies on a database, such 

as IR spectral fingerprinting, requires access to pure analytical standards. For many complex glycan 

structures, such standards are either expensive to synthesize or unavailable, which raises the need to 

create reference data from glycans in isomeric mixtures. Our recently developed IMS-IMS  

approach described in Chapter 4, where fragments of isomer-separated species can undergo further 

isomer separation before spectroscopic interrogation,12 poses an ideal starting point for the  

development of such methods. 

In this chapter, we describe a technique to identify positional isomers of underivatized N-glycans 

with a reduced need for pure analytical standards. To this end, we have developed an experimental 

protocol based on isomer separation using SLIM-based IMS followed by fragmentation and IR fin-

gerprinting of structurally diagnostic fragments specific to each positional isomer. We then con-

struct a small IR spectral database for the parent glycans and their fragments, the latter of which we 

use to identify positional isomers from an isomeric mixture. We demonstrate the principle of this 

new approach by following a bottom-up scheme to identify the positional isomers of the N-glycans  

G0-N, G1, and G1F. 
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5.2 Experimental method 

All experiments were performed on the new-generation instrument.10 The experimental setup of this 

instrument and the method to perform IMS-IMS experiments followed by messenger-tagging spec-

troscopy has been described in detail in Chapter 3. The ATDs of fragments reported in this chapter 

represent the total amount of time that ions reside on the SLIM device. This includes the drift time 

of the parent molecules, the time that ions spend inside the CID trap, and the subsequent drift time 

used to separate the fragments. An exemplary fragment mass spectrum of mobility-separated G0-N 

ions is shown in Figure 5.1. 

 

 

 

Figure 5.1: Mass spectrum of G0-N and its CID fragments. 
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5.3 Sample preparation 

Isomerically pure Man-2 standards, shown in Figure 5.2, were purchased from Creative Biolabs. 

The G0-N glycan sample, specified to be a mixture of two positional isomers, was purchased from 

TheraProteins. The glycans G1 and G1F, also specified to be a mixture of two positional isomers, 

and G0, which does not have any positional isomers, were purchased from Dextra Laboratories. All 

samples were prepared in a 30:70 solution of acetonitrile/H2O to yield a concentration of 5–10 µM.  

 
Figure 5.2: (a) Structure of the glycans used in this chapter, using CFG notation. (b) Glycan frag-

ment notation according to Domon and Costello.13 

5.4 Isomer identification and database construction 

A schematic describing the approach used to identify positional isomers and to successively popu-

late a database with IR fingerprints from newly identified isomers is shown in Figure 5.3, using  

N-glycans as an example. We illustrate this approach starting from the two possible positional iso-

mers of Man-2, where the terminal mannose building block is bound with either an α-3 or α-6 gly-

cosidic linkage to Man-1.  
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Figure 5.3: Scheme for identification of positional isomers and database construction, consisting of 

(I) initial database population using standards, (II) identification of positional isomers through iden-

tification of structurally diagnostic fragments, and (III) expansion of the database. 

 

In step I of Figure 5.3, reference IR fingerprints of small analytical standards are recorded after IMS 

to separate α and β reducing-end anomers or coexisting gas-phase conformers.11,14,15 In step II, posi-

tional isomers are identified by first separating them by IMS and then subjecting them to CID to 

create structurally diagnostic fragments from each isomer peak. The diagnostic species for isomers 

A′ and B′ are labeled A and B, respectively. Fragments are then identified based on their IR  

fingerprint spectrum recorded in step I, and the precursor positional isomers A′ and B′ can subse-

quently be assigned. The spectral identification of fragment ions generated from each peak of the 

parent ATD is based on the visual comparison to reference spectra of small analytical standards. 
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Further IMS isomer separation of fragments might be necessary if the presence of positional frag-

ment isomers cannot be excluded.  

Once an isomer is identified based on the IR fingerprints of its fragments, its own IR fingerprint is 

recorded and stored in the database in step III. This serves two purposes: (1) in a subsequent en-

counter of this species, it can be directly identified by its IR fingerprint without the need to analyze 

its fragments; and (2) its fingerprint can potentially be used to identify structurally diagnostic frag-

ments of larger positional isomers. Furthermore, the newly identified isomers can serve as precursor 

structures to create other fragments that were not accessible through fragmentation of smaller pre-

cursor species, such as species a′ and b′ in Figure 5.3. These diagnostic fragments need not corre-

spond to molecules that exist in solution. The proposed method can thus serve both to identify iso-

mers of glycans and to construct an IR fingerprint database in a bottom-up fashion.  

5.5 Results and discussion 

5.5.1 Identification of G0-N positional isomers 

In the first part of this chapter, we aimed to identify two positional isomers of G0-N by applying  

steps I and II from the scheme presented in Figure 5.3. The starting point was a commercially avail-

able glycan sample, labeled by the provider as a mixture of two positional isomers, G0-N(3) and 

G0-N(6), differing in the position of a terminal GlcNAc monosaccharide, which is either attached to 

the α-3 or the α-6 branch, respectively (see Figure 5.2(a)). The isomeric fragments Y3α and Y3β  

(m/z 771) generated from G0-N upon CID are characteristic for the positional isomers G0-N(3) and 

G0-N(6), respectively, and correspond to the intact glycan Man-2, for which the two possible posi-

tional isomers Man-2(3) and Man-2(6) are readily available. Hence, IR fingerprints of these indi-

vidual compounds were recorded after IMS separation to build an initial reference database (see 

Appendix, Figure A.1). It is noteworthy that two IMS features could be separated for Man-2(3), 

while only one feature was observed for Man-2(6). The latter must therefore be a mixture of the  

α and β reducing-end anomers, which coexist in solution. An important assumption on which we 

base our identification scheme is that the dissociation of a single covalent bond is more likely to 

occur under the CID conditions applied here than the dissociation of two bonds. Therefore, only Y3α 

and Y3β fragments of G0-N were taken into consideration. 

Figure 5.4(a) shows the ATD of singly-sodiated G0-N ions (m/z 1136) obtained from the commer-

cial sample, where two distinct peaks were observed after one mobility-separation cycle (10 m path-

length). While it might be tempting to assume that these two drift peaks correspond to the two posi-
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tional isomers of G0-N, they might also be a result of the two reducing-end anomers for one of the 

species or different conformational states of the molecules. 

 

Figure 5.4: (a) ATD of G0-N after mobility separation (one cycle). (b) Cryogenic IR fingerprint 

spectra of the diagnostic fragments (m/z 771) generated from each peak in the ATD of G0-N (tan), 

Synthetic spectrum (orange) generated using 40% and 60% contribution of spectra from peak 1 and 

peak 2, respectively, compared with the reference spectrum of Man-2(6) (grey) from an initial data-

base. (c) G0-N and the assigned fragment and parent structures. 

According to step II of the scheme in Figure 5.3, structurally diagnostic fragment ions (m/z 771) 

corresponding to the Man-2 species were generated upon CID of each mobility-selected drift peak, 
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and their resulting IR fingerprints (tan) are depicted in Figure 5.4(b). The two fingerprint spectra are 

strikingly similar in position and intensity of the resolved absorption bands, with the only difference 

being the precise position of three bands in the wavenumber region corresponding to free OH-

stretching vibrations (3620 cm−1–3670 cm−1). While both spectra are similar to the reference spec-

trum of Man-2(6), neither of them poses a perfect match that would confirm its presence. On the 

other hand, the similarity of the fingerprint spectra can indicate that these peaks represent the two 

reducing-end anomers11,16 that were not separated for the Man-2(6) standard. Under this assump-

tion, we prepared a synthetic mixture in a 40/60 ratio of the two fragment IR fingerprints, corre-

sponding to the relative drift peak intensities in the ATD. The resulting spectrum shown in Figure 

5.4(b) represents an extremely good match to the reference IR fingerprint of Man-2(6), depicted in 

orange and grey, respectively. By assigning fragments from both mobility features of G0-N to Man-

2(6), the analyzed sample was determined to consist solely of one positional isomer of G0-N, name-

ly G0-N(3), despite the specifications from the supplier. Consequently, the two drift peaks observed 

for G0-N are likely a result of the two reducing-end anomers.11 Figure 5.4(c) summarizes the identi-

fication procedure. 

In accordance with step III in the scheme of Figure 5.3, we recorded the IR fingerprint spectra of 

both G0-N(3) species (Appendix, Figure A.2) and extended the initial database by two more entries, 

which can then be used for its identification in complex samples without having to analyze its frag-

ments again. One should also conclude from these results that sample descriptions from suppliers 

for subtly different isomers should be cautiously evaluated. 

5.5.2 Strategy to record IR fingerprints of positional isomers that are not available commercially 

To obtain an IR fingerprint of the other positional isomer, G0-N(6), the CID scheme was applied to 

the glycan G0, which should yield both positional isomers of G0-N as fragments (Figure 5.5(a)). 

Lacking any positional isomers, singly-sodiated G0 ions were fragmented without prior 

ion-mobility separation. Fragments with m/z 1136, generated upon the loss of a GlcNAc monosac-

charide, can exist in three isomeric forms Y4α, Y4β, and C4, where Y4α and Y4β correspond to  

G0-N(6) and G0-N(3), respectively (Figure 5.5(a)). Following fragmentation of G0, the m/z 1136 

fragments underwent one additional cycle of mobility separation. The resulting ATD, which fea-

tures three well-separated peaks, is displayed in Figure 5.5(b). The IR spectra of all three peaks are 

shown in Figure 5.5(c), where they are paired with their best-matching database fingerprint (dis-

played in grey, where applicable). 
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A simple visual comparison of spectra confirms the assignment of the first two peaks in the ATD to 

the two isomers of G0-N(3) (i.e. fragment Y4β) for which we previously obtained the reference 

spectrum shown in Appendix (Figure A.2). The glycan corresponding to the C4 fragment is  

available commercially, and its IR fingerprint was measured and added to database after  

mobility separation, however it does not correspond to that of the third mobility species in the 

fragment ATD (compare the bottom two spectra in Figure 5.5(c)). Moreover, the molecule corre-

sponding to the C4 fragment has an arrival time in between that of the second and third drift peak in 

the fragment ATD of Figure 5.5(b) (see Appendix, Figure A.3). We can therefore, by exclusion, 

assign the third drift peak and its spectrum in Figure 5.5(c) to the Y4α fragment, which corresponds 

to the glycan G0-N(6), and store its fingerprint in the database to be used either for its future identi-

fication or to identify a structurally diagnostic fragment of a larger glycan. The spectrum of this 

isomer represents a mixture of both reducing-end anomers. 
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Figure 5.5: (a) Structure and possible structurally diagnostic fragments of G0. (b) ATD of m/z 1136 

fragments with regions subjected to IR spectroscopy highlighted. (c) Cryogenic IR spectra of mobil-

ity-separated drift peaks according to the colour scheme in the ATD, paired with their best-

matching database spectra (grey) where possible. 
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5.5.3 Database extension through identification of G1 positional isomers 

The terminal galactose in the N-glycan G1 can be linked either to the α-3 or the α-6 branch, leading 

to the positional isomers G1(3) and G1(6), respectively. The strategy for identification of these iso-

mers follows step (II) of the scheme presented in Figure 5.3: the fragments Y4α and Y4β (m/z 1136) 

represent structurally diagnostic species for the isomers G1(3) and G1(6), respectively, and corre-

spond to glycans G0-N(6) and G0-N(3), for which database fingerprints were acquired as described 

in previous sections. 

Isomer separation of singly-sodiated G1 ions was performed prior to fragmentation, and the  

m/z 1136 fragments were sent through one additional cycle of ion mobility separation. An ATD of 

G1 after one separation cycle is shown in Figure 5.6(a), where the drift-time windows selected for 

CID are highlighted. The ATD of the fragments generated from the first drift peak of the G1 ions 

(blue) exhibits two features, whereas the fragment ATD generated from the second mobility region 

(pink) shows a single peak at longer drift times.  

The IR spectra of all individual peaks in the fragment ATDs were recorded and compared to the 

best-matching database IR fingerprints (Figure 5.6(b)). Visual comparison confirms that both frag-

ments generated from the first drift peak (peach and green) correspond to the two species of  

G0-N(3) for which two isomers (presumably the reducing-end anomers) were added to the database, 

whereas fragments generated from the second mobility region (cyan) correspond to the database 

entry of G0-N(6). Based on the identification of these structurally diagnostic fragments, we can 

assign the first and second mobility regions in the ATD of G1 to the positional isomers G1(6) and 

G1(3), respectively. The procedure is summarized in Figure 5.6(c). 

Spectra for both positional isomers G1(3) and G1(6) were recorded (Appendix, Figure A.4) and 

added to the IR fingerprint database and can be used for subsequent identification of G1 positional 

isomers or as structurally diagnostic fragments of yet larger glycans. Under the separation condi-

tions used here, the reducing-end anomers of G1 are completely unresolved for the positional iso-

mers G1(6) and partially resolved for G1(3). However, given the partial separation observed for the 

latter, a few more cycles would be necessary to fully resolve these anomers. This might be useful if 

anomer-resolved reference spectra are required for fragment identification. 
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Figure 5.6: (a) ATD of G1 after one separation cycle. The regions that were subjected to CID fol-

lowed by one more separation cycle are highlighted and the ATDs of the m/z 1136 fragments are 

shown below. (b) Cryogenic IR fingerprints of mobility-separated drift peaks of mobility-separated 

Y fragments of G1 (in colour), paired with the best-matching IR fingerprints from the database 

(grey). (c) Structure of G1, assigned fragments, and assigned parent structures (color code as in 

ATDs). 
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5.5.4 Further database extension through identification of G1F positional isomers 

The terminal galactose in the N-glycan G1F can either be linked to the α-3 or the α-6 branch,  

leading to the positional isomers G1F(3) and G1F(6), respectively. The only possible isomeric 

fragments with m/z 1501, generated upon the loss of the fucose monosaccharide, corresponds to 

previously identified G1(3) and G1(6), which can be used as structurally diagnostic fragments for 

identification of G1F(3) and G1F(6), respectively. 

In accordance with the scheme described in Figure 5.3, ion mobility separation of G1F was per-

formed prior to fragmentation. Figure 5.7(a) shows the ATD of singly-sodiated G1F ions after four 

separation cycles and the drift-time windows selected for fragmentation are highlighted in different 

colors (red and purple). Following fragmentation, structurally diagnostic fragments (m/z 1501) un-

derwent one additional cycle of mobility separation. The ATD of fragments generated from first 

two drift peaks of G1F taken together (red), displays a single peak with a hint of an unresolved 

shoulder on its left. The ATDs obtained after fragmenting each of the parent drift peaks separately 

confirms the presence of two overlapping features, as shown in Figure 5.8. The resulting fragment 

ATD from the second mobility region of G1F (purple) exhibits two partially resolved peaks. 

The IR spectra of the fragments are shown in Figure 5.7(b), where they are paired with their best 

matching database fingerprint (displayed in grey), which we obtained as described in the previous 

section (see Appendix, Figure A.4). Visual comparison confirms that the spectrum of  

fragments (pink) generated from the first region in the ATD of G1F corresponds to G1(3) and the 

fragment (blue) generated from the second region in the ATD of G1F corresponds to G1(6). This 

identifies the first two peaks in the ATD of G1F as belonging to the G1F(3) positional isomer, and 

the broader ATD peak arriving at longer drift time to the G1F(6) positional isomer. The assignment 

procedure is summarized in Figure 5.7(c). 
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Figure 5.7: (a) ATD of G1F after four separation cycles. The regions that were subjected to CID 

followed by one more separation cycle are highlighted, and the ATDs of the m/z 1501 fragments are 

shown below. (b) Cryogenic IR spectra of the diagnostic fragments (m/z 1501) generated from the 

arrival time windows highlighted in the ATD of G1F, paired with the best-matching IR fingerprints 

from the database (grey). (c) Structure of G1F, assigned fragments, and assigned parent structures 

(colour code as in ATDs). 

 



Identification of N-glycan positional isomers by combining IMS and vibrational fingerprinting of structurally determinant CID fragments 

 117 

 

Figure 5.8: ATDs of m/z 1501 fragments obtained when first two peaks in the ATD of G1F were 

subjected to CID separately. 

 
We recorded the IR fingerprints of the newly-identified positional isomers of G1F (Appendix, Fig-

ure A.5), which can now be used either for their identification in complex mixtures or as  

structurally diagnostic fragment for yet larger glycans. It is important to note that the spectra for 

first two peaks, assigned as G1F(3), are very similar in their band positions and intensities, with the 

only noticeable difference being the bands at 3660 cm−1 and 3655 cm−1 . This further supports the 

hypothesis that these two drift peaks likely correspond to the two reducing-end anomers of G1F(3). 

Under the separation conditions used here, the broad peak assigned to be the G1F(6) isomer could 

not be fully resolved, and therefore the resulting IR spectrum represents a mixture of both reducing-

end anomers. 

5.6 Conclusions 

In this chapter, a new approach for the identification of glycan positional isomers using a combina-

tion of high-resolution IMS-IMS and cryogenic IR fingerprint spectroscopy of structurally diagnos-

tic fragments was presented. Starting with only two pure analytical standards, Man-2(3) and  

Man-2(6), we were able to first identify and then record reference IR fingerprints of the positional 

isomers of the glycan G0-N. We subsequently used these newly-obtained fingerprint spectra to 

identify positional isomers of the glycan G1, which we then used to identify the positional isomers 

of G1F. With this example, we demonstrate how the proposed workflow could be used to succes-

sively build a database of IR fingerprint spectra without the need for isomerically pure glycan 

standards for larger species, which are often expensive to produce or simply not available. We an-

ticipate that this approach could be extended to different classes of glycans, such as HMOs or O-

glycans. This approach does not require complex fragment-based analysis to determine the se-

quence and branching of a glycan but simply a comparison of experimental IR fingerprints with 
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those in a database, which can be implemented in an algorithm as we have recently demonstrated.10  

While the comparison of IR fingerprints is done visually in this thesis, we can use various mathe-

matical methods to determine spectral similarity that can be easily implemented in our future data-

base search engine. In combination with a user-friendly software that facilitates automated IR com-

parison, and our latest advancements in acquisition speed and robustness,10 we believe that cryogen-

ic IR fingerprinting and the identification workflow proposed here has the potential to become an 

important tool in the field of glycan analysis. 

 

While the procedure presented in this chapter can distinguish among the positional isomers of  

N-glycans, it does not discriminate between their corresponding reducing-end anomers. We ob-

served multiple drift peaks for a single positional isomer (Man-2(6), G0-N(3), G1, and G1F) that we 

speculated might correspond to their reducing-end anomers. In Chapter 6, we will present a similar 

method to identify anomers of such glycans without the need for their corresponding isomerically 

pure standards.  
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 Identification of mobility-resolved  
N-glycan isomers* 

 

The advent of ultrahigh-resolution ion mobility spectrometry has enabled the separation of isomers 

with very slight structural differences. However, the ability to separate such species raises the prob-

lem of identifying all of the mobility-resolved peaks that are observed, especially when analytical 

standards are not available. An approach based on the combination of IMS-IMS with cryogenic IR 

spectroscopy to identify N-glycan reducing-end anomers is presented in this chapter.  

Diacetyl-chitobiose is a disaccharide which is part of the common core of all N-glycans. By identi-

fying its reducing-end a and b anomers, we are able to assign mobility peaks to reducing-end 

anomers of a selection of N-glycans of different sizes, starting from a trisaccharide such as Man-1 

up to glycans containing nine-monosaccharide units, such as G2. By building an IR fingerprint  

database of the identified N-glycans, our approach allows unambiguous identification of mobility 

peaks corresponding to reducing-end anomers and can distinguish them from positional isomers that 

might be present in complex mixtures. 

 

 

 

 

 

 

                                                
* This chapter is based on the publication ‘Identification of mobility-resolved N-glycan isomers’, Ben Faleh, A.; Warnke, S.;  
Bansal, P.; Pellegrinelli, R. P.; Dyukova, I; and Rizzo, T.R. Anal. Chem. 2022, 94, 10101-10108. 
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6.1 Introduction 

As described in previous chapters, we have recently combined cryogenic messenger-tagging IR 

spectroscopy with ultrahigh-resolution IMS isomer separation to produce highly resolved IR finger-

prints of isomeric glycan structures.1-7 While one can use this approach to identify glycans for 

which IR fingerprints have been previously recorded, it cannot identify molecules for which the 

reference spectra has not been entered in an IR fingerprint database 

 yet. To address this issue, we have developed a workflow combining IMS-IMS with cryogenic IR 

fingerprinting that allows us to reconstruct the structure of unknown N-glycan positional isomers 

based on the mobility and IR fingerprints of their CID fragments, as described in Chapter 5.8 In 

addition to providing a means to identify unknown glycan structures, it allows us to extend a spec-

troscopic database with a minimal need for analytical standards.  

In this chapter, we build on this work and present a procedure for assigning all major drift peaks in 

the ATD of a selection of N-glycans obtained by ultrahigh-resolution IMS. Our method is based on 

the identification of diagnostic CID fragments that allows one to determine the precise isomeric 

form of the precursor molecule. One molecule that is central to this approach is the disaccharide 

GlcNac-b(1-4)-GlcNac, also called diacetyl-chitobiose, which is present at the reducing end of all 

N-linked glycans. Identification of the a and b anomers of diacetyl-chitobiose allows us to assign 

certain peaks in the ATD of virtually all N-glycans to their respective reducing-end anomers. This, 

in turn, allows us to distinguish anomers of a certain isomer from other isomeric forms.  

6.2 Experimental method 

The experiments described in this chapter were performed on the new-generation instrument, which 

has been described in detail in Chapter 3.9  

Identification of drift peaks corresponding to N-glycan isomers 

Our approach for isomer identification and database construction has been described in detail in 

Chapter 5.8 In brief, different glycan isomers are initially separated according to their respective 

mobilities. Each separated isomer is then subjected to CID, producing a range of fragments. Those 

that are diagnostic for the structure of their precursor molecules are subsequently mobility-separated 

and their IR fingerprints are recorded. Once the isomeric fragments are identified either by their 

relative drift-peak position or by visual comparison to an IR fingerprint database, it is possible to 

assign the structure of the parent molecules. Using an initial database including IR fingerprints of  

diacetyl-chitobiose isomers, we demonstrate the ability to distinguish drift peaks corresponding to 
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N-glycan a and b reducing-end anomers from those of positional isomers or different gas-phase 

conformers. Once the reducing-end anomers of a given N-glycan are identified, their arrival times 

and IR fingerprint spectra can in turn be used to identify larger structures. Starting from a disaccha-

ride, we demonstrate how we can identify the reducing-end anomers of the N-glycan G2. Following 

this approach, we also show that once the reducing-end anomers of a structure are identified, we can 

determine the anomericity of all its Y fragments.  

6.3 Sample preparation 

Man-1, Man-3, and Man-5 glycans, shown in Figure 6.1, were purchased from Dextra Laboratories 

and Man-2 was purchased from Creative Biolabs. G0-N, G0, G1, and G2 glycans were purchased 

from TheraProteins. The diacetyl-chitobiose and tetraacetyl-chitotetraose samples were purchased 

from Carbosynth. For nano-electrospray ionization (nESI), 5-20 µM solutions of the analytes were 

prepared in 50:50 MeOH/H2O. In-house prepared borosilicate glass nanospray emitters were used 

to inject samples into the instrument. All molecules were analyzed in their singly-sodiated form. All 

gases were of 99.9999 % purity. 

 

Figure 6.1: Structure of the glycans used in this work, using CFG notation. 
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6.4 Results and discussion 

6.4.1 Identification of the a and b reducing-end anomers of diacetyl-chitobiose 

Because the disaccharide diacetyl-chitobiose is part of the common core found at the reducing end 

of all N-linked glycans, we use it as the starting point for the identification of a and b anomers. To 

identify the reducing-end anomers of this disaccharide, we used tetraacetyl-chitotetraose, a tetrasac-

charide composed of four b(1-4) linked GlcNac building blocks. A particularity of this molecule is 

that because all monosaccharides composing it are b-linked, both Y2 and C2 fragments can provide 

information about the reducing-end configuration of the disaccharide diacetyl-chitobiose. As shown 

schematically in Figure 6.2(a), after mobility separation of the a and b anomers of the parent tetra-

saccharide, the Y2 and C2 fragments generated from the b anomer should correspond to pure  

b-diacetyl-chitobiose, while the same fragments of the a anomer will represent a mixture of both 

reducing-end anomers of the disaccharide. This hypothesis is based on the previously demonstrated 

anomeric retention of the glycosidic bond upon CID fragmentation.10,11 An ATD of the precursor 

molecule tetraacetyl-chitotetraose is displayed in Figure 6.2(b) and shows two distinct mobility 

peaks, suggesting the presence of two reducing-end anomers. Figure 6.2(c) shows the ATDs (in red) 

of a mixture of Y2 and C2 fragments corresponding to diacetyl-chitobiose (m/z 447) produced upon 

CID of the first (bottom panel) and second (top panel) drift peaks of the tetrasaccharide.  

We clearly observe an additional mobility peak at 482 ms in the ATD of the fragments generated 

from the second mobility peak of the tetrasaccharide that is not present in the ATD of the fragments 

generated from the first peak, where the main mobility feature is centered around 488 ms. As  

described above, C2 and Y2 fragments should be equivalent in structure and hence yield a single 

mobility feature only if the b anomer of the precursor tetrasaccharide was initially selected, while 

the C2 and Y2 fragments will be of opposite anomericity and may result in two drift peaks when 

generated from the ⍺ anomer of the precuror. The mobility feature at 488 ms in Figure 6.2(c) can 

therefore be attributed to fragments corresponding to diacetyl-chitobiose in the β configuration and 

the feature at 482 ms to the ⍺ anomeric configuration. The feature at 465 ms present in the fragment 

ATDs from both tetrasaccharide species possibly corresponds to open-ring structures at the reduc-

ing end, as proposed previously.12 
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Figure 6.2: (a) Fragmentation scheme for identifying diacetyl-chitobiose anomers. (b) ATD of 

tetraacetyl-chitotetraose after one separation cycle in the IMS device. (c) ATDs of the 447 m/z 

fragments (red traces) and the 449 m/z 18O substituted fragments (dashed blue traces) after four sep-

aration cycles obtained from peak 1 (bottom panel) and peak 2 (top panel) of the tetrasaccharide. 

To differentiate between the C2 and Y2 fragments, we use the 18O isotopically-labelled tetrasaccha-

ride. Since the substitution exclusively occurs at the reducing end, it will appear only in the Y  

fragments. The ATDs of isolated Y fragments should therefore represent the arrival times of pure  

⍺ or β reducing-end anomers, depending on which anomer was selected for CID. These ATDs are 

shown as blue dashed lines in Figure 6.2(c), and indeed each displays a single peak in the region of 

480 to 500 ms, supporting our assignment of the two drift peaks to the two reducing-end anomers of 

fragments corresponding to diacetyl-chitobiose, with the a anomer having a slightly higher mobility 

than the b anomer. This distinction in mobility will later be used to assign anomers of larger spe-

cies.  

Once identified, the IR fingerprints of the a and b anomers of diacetyl-chitobiose were recorded 

and stored in an initial database (grey spectra in Figure 6.4(b)). 
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6.4.2 Identification of high-mannose glycan drift peaks based on CID fragment mobilities 

We can use the information obtained on diacetyl-chitobiose anomers to identify the drift peaks cor-

responding to the a and b reducing-end anomers of high-mannose glycans. To do so, we follow the 

same protocol as described earlier: we separate the molecules of interest according to their mobility 

using IMS and then fragment the separated isomers into diacetyl-chitobiose, for which the mobility 

of the reducing-end anomers has been previously determined.  

Figure 6.3 shows the results obtained for different high-mannose N-glycans. In each case, the left 

panels depict the ATDs of the parent molecules after one IMS separation cycle, while the right pan-

els show the ATDs of the 447 m/z fragments generated from the first (blue) and second (red) parent 

mobility feature after three additional IMS separation cycles. In the present case, it is possible to 

unambiguously assign a and b reducing-end anomers based on the relative position of the CID 

fragment drift peaks, which is only possible because diacetyl-chitobiose is the only fragment with 

m/z 447. The ATDs of the m/z 447 fragments shown in Figure 6.3 resemble those of the diacetyl-

chitobiose species in Figure 6.2, where we assigned the earlier drift feature to the a anomer and the 

later peak to the b anomer. We can thus assign the first drift peak in the ATD of Man-1 to the  

a reducing-end anomer and the second peak to the b anomer. The reverse order was found for both 

Man-3 and Man-5 where the first and second drift peaks correspond to the b and a anomers, respec-

tively.  
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Figure 6.3: (a) (left panel) ATD of Man-1 after one IMS separation cycle; (right panel) ATDs of 

diacetyl-chitobiose as CID fragments produced from peak 1 (blue) and peak 2 (red) of Man-1, after 

three IMS separation cycles. (b) (left panel) ATD of Man-3 after one IMS separation cycle; (right 

panel) ATDs of diacetyl-chitobiose as CID fragments produced from peak 1 (blue) and peak 2 (red) 

of Man-3, after three IMS separation cycles. (c) (left panel) ATD of Man-5 after one IMS separa-

tion cycle; (right panel) ATDs of diacetyl-chitobiose as CID fragments produced from peak 1 (blue) 

and peak 2 (red) of Man-5, after three IMS separation cycles. The differences in the absolute arrival 

time of the chitobiose obtained when fragmenting different molecules is due to different conditions 

needed for optimal separation the parent ions. 
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6.4.3 Identification of G0-N(3) drift peaks based on the IR fingerprints of CID fragments 

In addition to using arrival-time distributions of CID fragments to identify peaks in the ATD of  

parent glycans, we can also use IR fingerprints of structurally diagnostic CID fragments. Using  

G0-N(3) as an example, we first separate isomers of the parent molecule by their mobility.  

The ATD of G0-N(3) after one separation cycle is displayed in Figure 6.4(a) and exhibits two drift 

peaks. Using CID, we produced m/z 447 fragments (corresponding to diacetyl-chitobiose)  

separately for each mobility peak of G0-N(3) and recorded their corresponding IR spectra.  

Figure 6.4(b) shows the comparison of these spectra with the previously recorded IR fingerprints 

for the a and b diacetyl-chitobiose reducing-end anomers (displayed in grey), which confirms that 

the fragments produced from peak 1 of G0-N(3) correspond to b diacetyl-chitobiose, while the one 

produced from peak 2 corresponds to a diacetyl-chitobiose. It is worth noting that the main differ-

ences between the IR fingerprints of the a and b diacetyl-chitobiose reducing-end isomers lie  

within the structure of the absorptions at 3646 cm-1, as well as in the intensity of the absorption at 

3463 cm-1. We can thus assign the first and second drift peaks of G0-N(3) to its b and a reducing-

end anomers, respectively.  

 

Figure 6.4: (a) ATD of G0-N(3) after one IMS separation cycle. (b) IR spectral comparison of CID 

fragments corresponding to diacetyl-chitobiose produced from peak 1 (blue) and peak 2 (red) of 

G0-N(3), to previously recorded database IR spectra of a (top panel, grey) and b (bottom panel, 

grey) reducing-end anomers of diacetyl-chitobiose. 
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6.4.4 Identification of hybrid N-glycan drift peaks 

Using the information obtained in the experiments described above, we can assign the drift peaks of 

larger hybrid N-glycans. Here, we use glycan fragments corresponding to G0-N(3) and Man-3 to 

assign the drift peaks of the N-glycans G0 and G2, respectively. The ATD displayed in  

Figure 6.5(a) (left) shows two major drift peaks after a single-cycle IMS separation, corresponding 

to two isomers of G0. One of the main CID fragments observed for these ions has an m/z of 1136. 

As displayed in the middle panel of Figure 6.5(a), several structures can be assigned to this  

particular m/z, including G0-N(3), G0-N(6), and G0-core N resulting from the loss of one GlcNac at 

the reducing end. For this reason, IR spectra are required for unambiguous identification of the CID 

fragments, because an IMS-based identification would require analytical standards for all of these 

fragment candidates. The spectra are shown in the right-hand panel of Figure 6.5(a) for fragments 

generated from the first drift peak of G0 (blue) and for the second drift peak (red). Comparison to 

previously recorded database IR fingerprints of G0-N(3) reducing-end anomers (shown in grey) 

identifies fragments from the first drift peak of G0 as the b anomer of G0-N(3) and fragments from 

the second drift peak as a reducing-end anomers of the same molecule. Since the reducing-end 

anomericity does not change upon CID, we can thus assign the first drift peak of G0 to its b anomer 

and the second drift peak to its a anomer.  

Following the same protocol for Man-3 fragments, we can assign the first and second peak of G2 to 

its b and a reducing-end anomers, respectively. This example illustrates the utility of IR finger-

printing, since to identify the fragments exclusively on the basis of their drift times would require a 

database with ion mobility entries for all six possible CID fragments corresponding to  

m/z 933. In contrast, as shown in the right-hand panel of Figure 6.5(b), the IR fingerprints of these 

fragments provide a positive match for the Man-3 reducing-end anomers, which allows the assign-

ment of the observed fragments to their corresponding structures without the need for reference IR 

fingerprints of all possible alternatives. This is because of the increased information content in an 

IR spectrum compared to an ion mobility arrival time distribution. 
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Figure 6.5: (a) (left panel) ATD of G0 after one IMS separation cycle; (middle panel) ATDs of  

G0-N(3) CID fragments produced from peak 1 (blue) and peak 2 (red) of G0 after one IMS separa-

tion cycle; (right panel) IR spectral comparison of G0-N(3) CID fragments produced from peak 1 

(blue) and peak 2 (red) of G0 to previously recorded database IR spectra of a (grey, top) and b 

(grey, bottom) reducing-end anomers of G0-N(3) (b) (left panel) ATD of G2 after one IMS separa-

tion cycle; (middle panel) ATDs of Man-3 CID fragments produced from peak 1 (blue) and peak 2 

(red) of G2 after 2 IMS separation cycles; (right panel) IR spectral comparison of Man-3 CID frag-

ments produced from peak 1 (blue) and peak 2 (red) of G2, to previously recorded database IR 

spectra of a (grey, top) and b (grey, bottom) reducing-end anomers of Man-3. 
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6.4.5 Identification of N-glycan fragment isomers 

The N-glycan drift peak identification method presented above has been based on the assignment of 

drift peaks to isomers of structurally diagnostic CID fragments. In a reverse application of the  

presented workflow, it is also possible to obtain information about the isomeric nature of other CID 

fragments once the drift peaks observed for a given precursor molecule have been assigned to spe-

cific isomers. To illustrate this approach, we chose the N-glycan G2 for which we have identified 

the reducing-end anomeric configuration of the main drift peaks in the ATD of Figure 6.5(b) using 

Man-3 as structurally diagnostic fragments.  

 

 
Figure 6.6: (a) (left panel) ATD of G2 after one IMS separation cycle; (right panel) ATDs of the G1 

fragments produced from peak 1 (blue) and peak 2 (red) of G2 after two IMS separation cycles.  

(b) ATD of G1 after two separation cycles with the assignment of a-3 and a-6 positional isomers 

and their respective reducing-end anomers. 
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Starting from the same ATD of G2, we can generate fragments of m/z 1501 (corresponding to the 

glycan G1) from each of the two identified drift peaks and subject them to two additional separation 

cycles. The result, which is displayed in Figure 6.6(a), shows two distinct drift peaks for fragments 

corresponding to G1 generated from either a (top panel) or b (bottom panel) anomeric precursor 

ions. Following a similar fragment-based identification protocol, we have demonstrated in  

Chapter 5 that the first two drift peaks in the ATD of G1 (i.e., in the region of 375 ms-390 ms) cor-

respond to the G1(6) positional isomer, in which the terminal galactose is located on the upper 

branch, while the last two drift peaks (410 ms-425 ms) correspond to the G1(3) positional isomers 

with the terminal galactose on the lower branch. Using this information, we can assign every major 

drift peak in the ATD of G1 to the corresponding isomer as well as their reducing-end anomeric 

configuration, as shown in Figure 6.6(b).  

If we go one step further and add IR fingerprint spectroscopy to the scheme described above, we 

can access and identify isomers of fragments that are challenging to separate by their mobility. To 

illustrate this, we used Man-2(6) as an example. After up to 10 separation cycles in our IMS device 

(~100 m drift path), it was not possible to separate the Man-2(6) reducing-end anomers. However, 

using G0-N(3) as precursor ions for which reducing-end anomers can be separated and identified, it 

is possible to obtain the a and b reducing-end anomers of Man-2(6) as fragments.  

After mobility separation of G0-N(3) and identification of its reducing end anomers, as shown in 

Figure 6.4(a), we selectively perform CID on the separated drift peaks to obtain fragments corre-

sponding to Man-2(6) (m/z 771). These Man-2(6) ions now have a defined reducing-end  

anomericity, and we can obtain an IR fingerprint for the a and b reducing end-anomers (Figure 

6.7(b)).  These, in turn, can serve as structurally diagnostic fragments to identify positional isomers 

and anomers of larger unknown structures. The similarity of the IR spectra of the a and b anomers 

Man-2(6), with only slight differences occurring in the region 3630-3660 cm-1, is consistent with 

the fact that these anomers are difficult to separate by ion mobility. 

 



Identification of mobility-resolved N-glycan isomers 

 133 

 
Figure 6.7: (a) ATD of G0-N(3) after one IMS separation cycle. (b) IR fingerprints of Man-2  

fragments from G0-N(3) a reducing-end anomer (top spectrum, red), and G0-N(3) b reducing-end 

anomer (bottom spectrum, blue) 

6.5 Conclusions 

The glycan sequencing approach presented in this work highlights the complementarity between 

ultrahigh-resolution IMS and cryogenic IR spectroscopy. Notably, IMS-IMS offers richer infor-

mation about the isomeric nature of glycans and their fragments compared to MSn alone and can be 

sufficient for identifying glycan structures in cases where the number of possible fragment isomers 

is limited, the IMS resolving power is high enough to separate isomers, and a drift-time calibration 

is accurate enough to discern a specific species. Nevertheless, when working with complex struc-

tures, it is often the case that a fragment mass-to-charge ratio corresponds to more than one isomer, 

as shown in the examples in Figure 6.5. In this case, IMS-IMS alone fails to provide an unambigu-

ous assignment of the glycan structure without: (a) a database containing mobility information 

about all possible isomers of the observed fragment; (b) the ability to separate them by mobility; 

and (c) an accurate and reproducible determination of CCS values. The latter is extremely challeng-

ing to obtain under ultrahigh-resolution IMS conditions,13,14 and obtaining the required pure analyt-

ical standards for all possible fragment isomers in question is impractical. In contrast, using cryo-

genic IR spectroscopy, it is possible to unambiguously assign a structure based on its unique IR 

fingerprint alone without the need for drift-time calibration.  
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The combination of IMS-IMS with cryogenic IR spectroscopy can thus be used to determine the 

identity of drift peaks separated using ultrahigh-resolution IMS, as well as to produce isomerically 

pure IR fingerprints of glycans for which pure analytical standards are not available. This approach, 

demonstrated here on N-glycans, can be generalized to other classes of glycans that have common-

core structures, such as complex human milk oligosaccharides (HMOs) or O-linked glycans, as well 

as other classes of biomolecules such as metabolites and lipids. The work presented in this chapter 

suggests that a combination of IMS-IMS with cryogenic IR fingerprinting has the potential to have 

a major impact in fields where the identification of the slightest structural differences is crucial, 

such as drug development, disease biomarker research, or forensics. 

In the next chapter, we will apply this method to identify reducing-end anomers of high-mannose 

glycans cleaved from bovine pancreas Ribonuclease B. 
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 Identification of reducing-end 
anomers of high-mannose glycans cleaved from 
RNase B 

 

This chapter demonstrates the ability of the approach described in Chapter 6 to unambiguously 

identify the reducing-end anomers of Man-5 and Man-6 high-mannose glycans cleaved from the 

glycoprotein bovine pancreatic ribonuclease B (RNase B).  

7.1 Introduction  

Ribonuclease B is a glycoprotein with a molecular weight of 15500 Daltons. It contains 124 amino 

acid residues and one glycosylation site (Asn34).1 Recently, over 20 high-mannose isomers have 

been reported for RNase B. These structures were derived from biosynthesis pathways, endo-

glycosidase degradation, and MS/MS fragmentation patterns.2-6 Different high-mannose glycans 

have been identified as biomarkers for diagnosing various congenital disorders of glycosylation 

(CDGs).7 Since the anomericity and the linkage position of glycosidic bonds can profoundly affect 

their biological functions, it becomes crucial to determine the precise isomeric form of a glycan. 

Various glycan isomers have been structurally characterized using a combination of liquid chroma-

tography and tandem mass spectrometry;8 however, it is extremely difficult to separate all species 

and identify them unambiguously. Recently Sauvè and coworkers utilized a PGC-LC-MS/MS 

method to identify reducing-end anomers, positional and branching isomers of underivatized gly-

cans cleaved from bovine RNase B and serum fetuin.9 They analyzed the low-energy CID fragmen-

tation pattern of the separated glycans and used specific diagnostic fragments to discriminate be-

tween such closely related structures.9 The tentative assignment of reducing-end anomers was based 

on their characteristic B-type fragments.9 Nevertheless, the procedure cannot readily confirm the 

reducing-end anomers in the absence of their corresponding anomerically pure standards.  

Ultrahigh-resolution IMS can efficiently separate glycan isomers, including anomers,10,11 and cryo-

genic infrared spectroscopy provides a unique vibrational fingerprint that is extremely sensitive to 
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the structure. We use the combination of SLIM-based IMS-IMS and cryogenic IR spectroscopy to 

identify the reducing-end anomers of the two most abundant glycans cleaved from RNase B glyco-

protein: Man-5 and Man-6.  

7.2 Sample preparation 

Peptide-N-Glycosidase F (PNGase F) and bovine ribonuclease B (RNase B) were purchased from 

New England BioLabs. N-glycan standards Man-5 and Man-6 standards were purchased from Dex-

tra Laboratories and Creative Biolabs, respectively. All solvents used were HPLC grade. Ultrapure 

water was obtained from a Milli-Q Integral system. Both glycan standards were prepared in a 30:70 

Acetonitrile/H2O solvent to yield a concentration between 5-10 µM.  

N-glycan release from RNase B and fraction collection:   

N-linked high-mannose glycans were cleaved from RNase B using PNGase F based on the protocol 

provided by New England Biolabs. 

1. 500 µg of RNase B was dissolved in 5 µl of glycoprotein denaturing buffer and 25 µl of 

H2O. 

2. The reaction mixture was incubated at 100 °C for 10 min, followed by the addition of 5 µl 

of Glycobuffer, 5 µl of 10% NP-40, and 5 µl of PNGase F endoglycosidase. The mixture 

was further incubated for 1 hour at 37 °C. 

3. The cleaved glycans were separated from proteins and other contaminants by the passage of 

the product mixture through a C18 Sep-Pak cartridge (1 ml, Waters). Before loading the 

product mixture, the C18 cartridge was conditioned with 1 ml of methanol (x3) and then 

with 1 ml of 5% acetic acid (AcOH) (x3). 

4. The reaction mixture was loaded onto the conditioned C18 cartridge. The reaction container 

was thoroughly rinsed with 100 µl of 5% AcOH and centrifuged twice to ensure that all the 

sample was transferred. 

5. The cleaved glycans were eluted using 1 ml of 5% AcOH (x3) and dried using speed vacu-

um.  

6. The dried residues were reconstituted in a 30/70 acetonitrile/H2O solvent and further sepa-

rated on with a UPLC (ACQUITY™ H-Class Plus, Waters, UK) using a Waters XBridge 

BEH amide column (130 Å, 3.5 µm, 4.6 × 150 mm). A flow rate of 0.4 ml/min at 60 °C and 
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a gradient elution (A%: 35% to 50% within 50 min) was used with solvent A (100 mM am-

monium formate, pH 4.5) and solvent B (acetonitrile) to ensure separation of all high-

mannose glycans with different masses.  

7. The eluted glycans were collected using a Waters Fraction Collector III and evaporated to 

reach a final volume of ~ 20 µl. While collecting fractions, the masses of glycans were mon-

itored with a Micromass Q-ToF Premier (Waters, UK) coupled to the UPLC system. The 

fractions were stored at -20 °C. 

8. The fractions were diluted in 30/70 acetonitrile/H2O solvent for IMS and spectroscopic ex-

periments. Sodium acetate (1 mM, 1-3 µl) was added to the fractions to enhance the genera-

tion of the sodiated N-glycan species. 

7.3 Experimental method 

The experimental setup has been described in detail in Chapter 3. For the identification of the struc-

tural isomers of glycans, we separate the glycans according to their mobility using SLIM-based 

IMS, record the cryogenic IR fingerprints of each mobility-separated species and compare them to 

that of the corresponding standard. For identification of reducing-end anomers, the protocol de-

scribed in Chapter 6 was used.12  Briefly, we fragment each of the mobility peaks observed for the 

cleaved glycan and analyze the fragment corresponding to diacetyl-chitobiose. The identification of 

the a and b anomers of diacetyl-chitobiose using their IR fingerprints allows us to assign the peaks 

observed in the ATD of Man-5 and Man-6 glycans to their respective reducing-end anomers.  

7.4 Results and discussion 

Figure 7.1 shows the extracted ion chromatograms (EICs) of underivatized glycans separated using 

the procedure described in Section 7.2. While different ion adducts ([M+H]+, [M+Na]+, [M+2Na]+, 

[M+NH4]+) were observed during chromatographic separation, EICs presented in Figure 7.1 are 

those of the most abundant ion adduct species observed for that particular glycan. The singly-

protonated ion adducts were the most abundant for high-mannose glycans Man-5 through Man-8. A 

mass spectrum depicting various adducts observed for cleaved glycans is shown in  

Appendix A.6. Under the separation conditions used here, we were only able to separate  

high-mannose glycans of different masses and not their corresponding positional isomers.  
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Quantification of N-glycans cleaved from RNase B has been the subject of many studies.2,6,13,14 

Recently, Lin and coworkers reported that Man-5 and Man-6 are the two most abundant glycans 

with relative abundances of 44.3 ± 0.6% and 21.24 ± 1.2%, respectively.6 We focused our study on 

Man-5 and Man-6. 

 

Figure 7.1: Extracted ion chromatograms (EICs) of high-mannose glycans cleaved from RNase B: 

(a-d) singly protonated Man-5 (m/z 1235), Man-6 (m/z 1397), Man-7 (m/z 1559), Man-8 (m/z 1721), 

and (e) doubly sodiated ions of Man-9 (m/z 964).  

7.5  Mannose-5 

7.5.1 Identification of the structure of Man-5 

To determine the structure of Man-5, SLIM-IMS was first used to compare the mobilities of the 

cleaved sugar and the commercially available standard. As shown in Figure 7.2(a), the ATD of the 

Man-5 reference (bottom) displays three well-resolved peaks after two separation cycles  

(~ 20 m pathlength) and an additional low intensity feature at 180 ms. The ATD of the cleaved gly-

can (Figure 7.2(a), top) exhibits a similar shape but the peak arriving at 220 ms has much lower 

intensity. In addition, there is a hint of additional features at 190 ms and 210 ms that might corre-
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spond to other less abundant structures reported for Man-5.4,6 We recorded the IR fingerprints of the 

two major mobility peaks separately and compared them to those of the standards to confirm their 

identity. As shown in Figure 7.2(b), both spectra (green and orange) have sharp peaks originating 

from free OH oscillators (3500-3700 cm-1) and broad transitions in the hydrogen-bonded OH and 

NH stretch regions (below 3550 cm-1), and they are nearly identical in the band positions and inten-

sities to that obtained for the corresponding standards (grey). This led us to determine that the two 

major peaks in the ATD of cleaved Man-5 have the same structure as that of the reference, where 

two mannose monosaccharides are attached to the top branch of the common pentasaccharide core 

of N-glycans (see Figure 7.2(a)). Among different structural isomers possible for Man-5, the one 

shown in Figure 7.2(a) accounts for nearly 95% of the total Man-5 population.6 It is possible that 

the features with extremely low intensity in the ATD of cleaved Man-5 correspond to the remaining 

low abundance positional isomers. Further experiments would be needed to confirm this. 

 

Figure 7.2: (a) ATDs of the singly-sodiated cleaved Man-5 (m/z 1257) (top) and Man-5 standard 

(bottom) after two separation cycles. (b) IR fingerprint spectra mobility-separated peaks of cleaved 

Man-5 (in color) paired with that of the standard (grey). 
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7.5.2 Identification of reducing-end anomers of Man-5  

The two major mobility peaks in the ATD of Man-5 suggest the presence of two reducing-end 

anomers of the identified structure. We used cryogenic IR fingerprints of the fragment correspond-

ing to diacetyl-chitobiose fragment to assign them. Figure 7.3(a) depicts the ATD of the cleaved 

Man-5 ions after two IMS separation cycles. Using CID, m/z 447 fragments (corresponding to diac-

etyl-chitobiose) were generated separately from each mobility peak of Man-5 and their correspond-

ing IR spectra were recorded. Figure 7.3(b) shows the comparison of these spectra with the previ-

ously recorded IR fingerprints for the a and b diacetyl-chitobiose reducing-end anomers (displayed 

in grey). A simple visual comparison confirms that the fragment produced from peak 1 of Man-5 

corresponds to b-diacetyl-chitobiose, while the one produced from peak 2 corresponds to a-

diacetyl-chitobiose. Since the reducing-end anomericity does not change upon CID, we can there-

fore assign the first and second mobility peaks of Man-5 to its b and a reducing-end anomers, re-

spectively. 

 

Figure 7.3: (a) ATD of cleaved Man-5 after five IMS separation cycles. (b) IR spectral comparison 

of CID fragments corresponding to diacetyl-chitobiose produced from peak 1 (blue) and peak 2 

(red) of Man-6, to previously recorded database IR spectra of a (top panel, grey) and b (bottom 

panel, grey) reducing-end anomers of diacetyl-chitobiose. 
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7.6 Mannose-6 

7.6.1 Identification of the structure of Man-6 

Figure 7.4(a) displays the ATD obtained for the cleaved Man-6 (top) and the standard (bottom) per-

formed under the same experimental conditions after five cycles (~ 50 m pathlength) of separation 

by SLIM-IMS. Both ATDs exhibit two fully resolved peaks with similar arrival times and intensi-

ties. While the ATDs suggest that the structure of cleaved Man-6 should match that of the standard, 

we recorded the cryogenic IR spectra of each peak separately to confirm it. As shown in Figure 

7.4(b), the comparison of spectra of both mobility peaks of the cleaved glycan with (green and or-

ange) that of the standard (grey) shows a nearly perfect match in both the position and intensity of 

the vibrational bands. This confirms that the cleaved Man-6 has the structure shown in Figure 

7.4(a), where two mannose residues are attached to the top branch and another to the bottom branch 

of the common pentasaccharide N-glycan core. 

 

 

Figure 7.4: (a) ATDs for the singly-sodiated cleaved Man-6 (m/z 1419) (top) and Man-6 standard 

(bottom) after five separation cycles. (b) IR fingerprint spectra mobility-separated peaks of Man-6 

glycan cleaved from RNase B (in color) paired with that of the standard (grey). 
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7.6.2 Identification of reducing-end anomers of Man-6 glycan 

The two mobility peaks in the ATD of cleaved Man-6 (see Figure 7.5(a)) is likely a result of the two 

reducing-end anomers. Again, the information obtained on diacetyl-chitobiose anomers was used to 

identify the anomers of cleaved Man-6 glycan. We selectively perform CID on the two mobility 

peaks to obtain fragments corresponding to diacetyl-chitobiose (m/z 447). The spectra shown in 

Figure 7.5(b) correspond to the m/z 447 fragment generated from the first mobility peak of cleaved 

Man-6 (blue) and from the second mobility peak (red). Comparison with previously recorded fin-

gerprints of diacetyl-chitobiose reducing-end anomers (shown in grey) determines that the fragment 

produced from peak 1 of Man-6 correspond to a diacetyl-chitobiose, while that produced from peak 

2 corresponds to b diacetyl-chitobiose. We can thus assign the first and second mobility peaks of 

Man-6 to its a and b reducing-end anomers, respectively. 

 

Figure 7.5: (a) ATD of cleaved Man-6 after five IMS separation cycles. (b) IR spectral comparison 

of CID fragments corresponding to diacetyl-chitobiose produced from peak 1 (blue) and peak 2 

(red) of Man-6, to previously recorded database IR spectra of b (top panel, grey) and a (bottom 

panel, grey) reducing-end anomers of diacetyl-chitobiose. 
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7.7 Conclusions and future outlook 

Anomer identification is extremely challenging due to the unavailability for corresponding analyti-

cal standards. The preliminary results shown in this chapter demonstrates the ability of our tech-

nique to unambiguously identify reducing-end anomers of cleaved glycans without the need of their 

corresponding standards. One must note that the assignment of the positional isomers of Man-5 and 

Man-6 glycans cleaved from RNase B is based on the description of the analytical standards from 

suppliers being accurate. However, as shown in Chapter 5, the possibility of the description being 

wrong cannot be ruled out, especially in the case of subtly different glycan isomers.  

Future work can include analyzing the low-abundance positional isomers of Man-5 and Man-6  

using fragment-based analysis described in Chapter 5 if their standards are not available commer-

cially, and then analyzing their corresponding reducing-end anomers using the approach applied in 

this chapter. Positional isomers and anomers of other low abundance high-mannose glycans Man-7 

through Man-9 can also be analyzed in a similar manner. Our approach has the potential to fully 

decipher the isomers of high-mannose glycans that could be instrumental in biomarker research of 

various diseases. 
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 Multi-stage ion mobility spectrometry 
combined with infrared spectroscopy for glycan 
analysis* 

 

The structural complexity of glycans makes their characterization challenging, not only because of 

the presence of various isomeric forms of the parent molecule, but also because the fragments can 

themselves be isomeric. In previous chapters, an approach combining SLIM-based IMS-IMS with 

cryogenic IR spectroscopy was applied for glycan analysis. It allows mobility separation and CID 

of a parent glycan followed by mobility separation and IR spectroscopy of the fragments. While this 

approach holds great promise for glycan analysis, we often encounter fragments for which we have 

no standards to identify their spectroscopic fingerprint. In this chapter, we perform proof-of-

principle experiments employing SLIM-based IMS3 to generate second-generation fragments, fol-

lowed by their mobility-separation and spectroscopic interrogation. This approach provides detailed 

structural information about the first-generation fragments, including their anomeric form, which in 

turn can be used to identify the parent glycan.  

 

 

 

 

 

 

 

 
                                                
* This chapter is partially based on the material that is in preparation for publication. 
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8.1 Introduction 

As described in previous chapters, we developed a SLIM-based IMS-IMS-IR approach, which al-

lows fragments of mobility-separated parent ions to undergo further isomer separation before spec-

troscopic interrogation,1 and applied it to identify positional isomers and anomers of glycans.2-4 We 

illustrated how this approach can be used to expand an IR fingerprint database without heavy re-

liance on isomerically-pure glycan standards. While this spectroscopic database approach holds 

great potential, we still encounter fragments for which the IR fingerprint is difficult to obtain.  

To solve this problem, we have developed a SLIM-based (IMS)3 technique combined with cryo-

genic IR spectroscopy. Using this novel approach, one can generate second-generation fragments 

from mobility-selected first-generation fragments, separate them once again by their mobility, and 

then measure their IR fingerprint. This allows us to identify fragments that are not contained a data-

base, which facilitates reconstruction of the parent glycan structure.   

8.2 Experimental method 

The experiments described in this chapter were performed on the new-generation instrument, which 

has been described in detail in Chapter 3.5  

IMS3-IR experiments 

The SLIM module features on-board traps that can be used for performing CID.1 We make use of 

two metallic grids placed at the entrance of the trap and separated by a distance of 0.8 mm to 

achieve a homogeneous electric field of up to 3300 V/cm for efficient CID.2,5  

The (IMS)3 experiments consist of several steps. First, the parent ions are separated by their mobili-

ty on the 10 m serpentine SLIM track. Then ions of a selected mobility are diverted into the CID 

trap, which is held at a lower potential bias than the separation region,  and accelerated as they pass 

through the grids placed at the trap entrance. The accelerated ions fragment upon energetic colli-

sions with the drift gas. The bias potential of the trap is then raised to the level of the separation 

region to allow both the parent and first-generation fragment ions to exit the trap. The isomeric 

first-generation fragments are made to undergo additional separation cycle(s) on the SLIM-device, 

during which they can be diverted again into the on-board CID trap and fragmented further. The 

second-generation fragments either exit the SLIM device or undergo addition mobility-separation 

before being directed to the cryogenic ion trap, where we record their IR spectrum. The setup thus 

enables us to perform IMS3-IR experiments.  
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8.3 Sample preparation 

The glycans Lacto-N-difucohexaose II (LNDFH II), Lacto-N-tetraose (LNT), Lewis-a trisaccharide, 

and 3-fucosyllactose were purchased from Dextra Laboratories (UK). All glycans were used  

without further purification. The samples were prepared in a 50:50 solution of water/methanol to 

yield a concentration of 5-15 µM. All solvents used were HPLC grade. The experiments were pre-

formed using N2 as both a drift gas for ion mobility and a collision gas for CID. 

8.4 Results and discussion 

In previous chapters we demonstrated the ability of our SLIM device to perform IMS-IMS experi-

ments, in which on-board fragmentation of mobility-separated parent ions is followed by mobility-

separation of the isomeric first-generation fragments.1 In this chapter we demonstrate the capability 

to perform (IMS)3 experiments in which we further dissociate these first-generation fragments, sep-

arate the resulting second-generation fragments by their mobility, and identify them by their IR 

spectroscopic fingerprint.  

8.4.1 Mobility-selected fragmentation of first-generation fragments 

We demonstrate the principle of this approach using the human milk oligosaccharide LNDFH II. As 

shown in Figure 8.1(a), the ATD of singly-sodiated LNDFH II (m/z 1022) features two drift peaks 

after one 10 m separation cycle (stage IMS1), suggesting the presence of different isomers. Using 

CID, we produced first-generation fragments from the major peak in the ATD and subjected them 

to additional separation cycles (stage IMS2). This step ensures that the ions of interest for re-

fragmentation are well separated from other isomeric and non-isomeric fragments. 

The first-generation fragments from LNDFH II at m/z 876 can be generated by the loss of fucose at 

the reducing-end, producing Y1β; or the non-reducing end, yielding Y3⍺’’ (see Figure 8.1(c) for no-

menclature). These fragments have the same composition but differ in the position of the remaining 

fucose. The ATD of m/z 876 fragment after two separation cycles is displayed in Figure 8.1(a) 

(stage IMS2), which exhibits three drift peaks. To acquire further structural information, these first-

generation fragments were re-trapped and fragmented once again. The resulting mass spectra from 

the first ATD peak (red) and the second and third peaks together (blue) revealed a major difference 

in the appearance of the m/z 552 and 511 fragments, respectively (see Figure 8.1(b)). These diffe-

rences indicate presence of structural isomers of m/z 876, which could be characterized using these 

diagnostic fragments. The structure of the m/z 730 fragment, which results from the loss of two fu-
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cose residues from the parent glycan, is common to all drift peaks and corresponds to a commercial-

ly available standard known as LNT.  

 

 
Figure 8.1: (a) ATD of singly sodiated LNDFH II after one separation cycle (stage IMS1) and that 

of the first-generation fragment (m/z 876) generated from the major peak of LNDFH II after two 

separation cycles (stage IMS2). (b) Mass spectrum generated by fragmentation of different drift 

peaks (red and blue) in the ATD of the m/z 876 fragment. (c) The nomenclature of glycan frag-

ments, following that of Domon and Costello.6 
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These first results demonstrate the ability or our SLIM device to perform tandem mass spectrometry 

experiments. As described below, the IR fingerprints of m/z 552, m/z 511, and m/z 730 second-

generation fragments can provide detailed structural information about the first-generation m/z 876 

fragment, including its anomericity. We identify the second-generation fragments by a visual com-

parison to a spectral database containing the IR fingerprints of Lacto-N-tetraose (LNT), Lewis-a 

trisaccharide, and 3-fucosyllactose. 

8.4.2 Identification of isomeric first-generation fragments using IR fingerprints of second-generation 

fragments 

While different methods have been used for identification of structural isomers of HMOs,7-9 we use 

IR fingerprints of the structurally diagnostic CID fragments. The second-generation m/z 511 frag-

ment of LNDFH II has the same structure as 3-fucosyllactose, which is commercially available. 

Since there are no other isomeric fragments with m/z 511 generated from LNDFH II, we recorded 

its IR spectrum without further mobility separation. Figure 8.2 compares the vibrational spectrum 

(blue) of the m/z 511 fragment with that of the a 3-fucosyllactose standard (grey). The good agree-

ment in both the position and intensities of all vibrational bands confirms that the m/z 511 fragment 

is indeed 3-fucosyllactose. This leads us to the assignment of the second and the third drift peaks of 

the m/z 876 fragment to Y3⍺’’ produced from LNDFH II. 

Assuming the dissociation of a single covalent bond under the CID conditions applied, the second-

generation m/z 552 fragment would have the same structure as that of a glycan standard known as 

Lewis-a trisaccharide. Figure 8.2 shows the comparison of the IR fingerprint spectrum of the  

m/z 552 fragment (red) with that of a commercial Lewis-a standard (grey). While the spectra have 

strong similarities, the match is not perfect. The spectrum of Lewis-a trisaccharide displays additio-

nal bands at 3458 cm-1, 3477 cm-1, 3563 cm-1, and 3645 cm-1. Assuming the anomericity of the C-

fragment is retained upon CID, as has been shown,1,10-12 the m/z 552 fragment spectrum displayed 

in Figure 8.2 (red) would correspond to only the β anomer. Since the Lewis-a trisaccharide standard 

is a mixture of both ⍺ and β reducing-end anomers, the additional peaks in its IR spectrum compa-

red to that of the m/z 552 fragment is likely to come from the ⍺ reducing-end anomer, as explained 

below. 
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We attempted to separate the anomers of Lewis-a trisaccharide by their mobility. While we often 

observe two distinct drift peaks from the reducing-end anomers of glycans, in this case it was not 

possible to separate them, even after 9 separation cycles (~90 m). We therefore recorded the cryo-

genic IR spectrum of the Lewis-a trisaccharide standard without mobility separation. 

 Under the tagging conditions used here, we observed ions with both one and two N2 tags (see Fi-

gure 8.3). We found that the spectrum obtained by taking into consideration the depletion of singly-

tagged ions (Figure 8.4(a)) is completely different from that obtained from the depletion of  

doubly-tagged ions (Figure 8.4(b)). The latter shows more resemblance to the spectrum of the m/z 

552 fragment (Figure 8.4(c)) and also exhibits all of the bands that are present in the depletion spec-

trum of the first tag of Lewis-a standard. Therefore it presumably it represents a mixture of both ⍺ 

and β reducing-end anomers of the standard. 

 

 

Figure 8.2: Comparison of cryogenic IR spectra of second-generation fragments m/z 511 and m/z 

552 generated with their corresponding database spectra. 
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Figure 8.3: Mass spectrum of m/z 552 Lewis-a trisaccharide standard showing peaks corresponding 

to the bare ions (m/z 552, singly sodiated), singly-(m/z 580) and doubly-(m/z 608) N2-tagged ions. 

The additional peaks at m/z 568, m/z 596, and m/z 624 correspond to the potassium adduct and its 

tags, respectively. 

 

Assuming the spectrum of the m/z 552 fragment (Figure 8.4(c)) and the depletion spectrum of the 

singly-tagged standard (Figure 8.4(a)) represent β and ⍺ anomers of the same molecule respectively, 

we prepared a synthetic spectrum (shown in grey) that is a 75/25 mixture of their respective IR fin-

gerprints. The resulting spectrum provides an extremely good match to that of depletion spectrum 

of the doubly-tagged standard. It appears that the β anomer of the standard prefers to complex with 

multiple N2 tags, which is something that we do not encounter often. This indicates that the data-

base spectrum used for comparison in Figure 8.2 represents a mixture of both reducing-end anomers 

of the standard, and the additional bands can be attributed to its ⍺	anomer. Nevertheless, we can 

now unambiguously identify that the second-generation m/z 552 fragment has the same structure as 

that of the Lewis-a trisaccharide.  
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Figure 8.4: Cryogenic IR spectrum of the Lewis-a trisaccharide standard taking into consideration 

depletion of (a) the first tag and (b) the second tag only. (c) Cryogenic IR spectrum of the second-

generation m/z 552 fragment. (d) Synthetic spectrum generated using 75% and 25% contributions of 

spectra of the fragment and first tag of the standard, respectively.  

 

Having identified the structure of the m/z 552 fragment allows us to assign that the first drift peak in 

the ATD of the m/z 876 fragment to Y1β produced from LNDFH II, where the fucose at the reduc-

ing-end is lost (see Figure 8.1(c)).  
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8.4.3 Identification of the anomericity of first-generation fragments using IR-fingerprinting of  

second-generation fragments 

We now demonstrate how we can use the second-generation fragment with m/z 730 to determine 

the reducing-end anomericity of the m/z 876 fragments. Because we know the structure of  

LNDFH II, after the removal of two fucose units, we know that the structure of the m/z 730 frag-

ment will be the same as that of an HMO known as LNT, which is commercially available. The 

ATDs of the m/z 730 fragments generated from each drift peak of the m/z 876 fragment are dis-

played in Figure 8.5(a). The ATD of the m/z 730 fragments produced from the first peak of the  

m/z 876 fragment shows two distinct drift peaks, suggesting the presence of two reducing-end ano-

mers. Those generated from the second and third peaks yield a single mobility feature with slightly 

different arrival times, which suggests the presence of a single anomer.  

While the arrival times suggest that the m/z 730 fragments generated from the second and third 

peaks of m/z 876 have identical structures to those generated from the first peak, this information 

alone is not sufficient to determine their reducing-end anomericity. We therefore recorded cryo-

genic IR fingerprints of each drift peak of the m/z 730 fragment separately. Figure 8.5(b) shows the 

comparison of these spectra (displayed in color) with previously-recorded IR fingerprints for the ⍺ 

and β reducing-end anomers of LNT (displayed in grey).5 The IR fingerprints of the first and second 

drift peaks of the m/z 730 fragment generated from the first mobility peak of m/z 876 provide a po-

sitive match for β and ⍺ reducing-end anomers, respectively. The IR fingerprints of those generated 

from the second and third mobility peaks of m/z 876 fragment also correspond to the β and ⍺ redu-

cing-end anomers of LNT, respectively.  

Since the reducing-end anomericity of Y fragments does not change upon CID,3,4 the first peak cor-

responds to a mixture of both ⍺ and β anomers of the Y1β fragment in the ATD of the m/z 876 frag-

ment generated from LNDFH II. The second and third drift peaks belong to the β and ⍺ anomers of 

the Y3⍺’’ fragment from LNDFH II, respectively. The assignment of the anomericity of the first-

generation fragments was only possible using the spectroscopic dimension. 

The database spectra of ⍺ and β reducing-end anomers of the LNT standard used for comparison 

above were obtained using a method that we published recently.4 It is based on the identification of 

Y-type fragments generated from a mobility-separated precursor that retains its reducing-end ano-

mericity information upon CID. See Appendix I and Figure A.7 for more information. 
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Figure 8.5: (a) ATDs of LNDFH II after one separation cycle (stage IMS1), m/z 876 first-

generation fragment after two separation cycles (stage IMS2) generated from the major peak 

of LNDFH II, and m/z 730 second-generation fragment after one separation cycle (IMS3) gen-

erated from each drift peak of m/z 876 fragment. (b) Comparison of cryogenic IR spectrum of 

mobility-separated second-generation m/z 730 fragment from peak 1 (red) and peaks 2 and 3 

(blue) of m/z 876 fragment with those of α and β reducing-end anomers of LNT (grey) from 

the database.  
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8.5 Conclusions 

In this chapter, we have demonstrated that (IMS)3-IR experiments allow us to completely elucidate 

the structure of first-generation fragment ions by fragmenting them further, followed by mobility-

separation and spectroscopic interrogation of the second-generation fragments. We were not only 

able to distinguish between isomeric first-generation fragments, but also identify their anomeric 

nature. Since the IR fingerprint database approach relies on identifying the fragments by comparing 

them to a previously recorded database, this method is particularly useful when we do not encounter 

a database match for the first-generation fragments. The (IMS)3-IR approach serves two purposes; it 

enables reconstruction of the unknown parent glycan structure and the extension of an IR finger-

print database with entries of newly-identified structures for their unambiguous identification in a 

complex mixture.  

These first results demonstrate the application of SLIM-based (IMS)3 combined with cryogenic IR 

spectroscopy for glycan analysis. We envision these results as a proof-of-principle for building a 

general (IMS)n approach, where mobility-separated ions can be re-trapped, fragmented, and mobili-

ty-separated multiple times before spectroscopic interrogation until a positive database match is 

found.  Such an approach should facilitate rapid structural identification of unknown glycan struc-

tures in their precise isomeric form. 
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 Summary and future perspectives 
 

Glycan analysis is a daunting challenge due to the inherent isomeric complexity of this class of 

molecules. Currently, there is no single commercial method that can fully resolve all isomeric struc-

tures and identify them unambiguously. The scope of this thesis was the development and imple-

mentation of a novel method combining SLIM-based IMS with CID and cryogenic IR spectroscopy 

for glycan analysis to overcome the challenges encountered by conventional analytical methods. 

The newly-developed approach allows one to separate glycan isomers based on their mobilities  

using SLIM, generate fragments through CID in the IMS region, and subsequently perform cryo-

genic IR spectroscopy. The ability to dissociate mobility-selected ions directly on the SLIM board 

enables additional separation of the resulting isomeric fragments, which is extremely important for 

discriminating between parent glycan isomers. In Chapter 3, the design of SLIM-IMS-CID devices 

to perform such experiments and characterization of the on-board CID process were presented. In 

Chapter 4, we successfully demonstrated that our approach can discriminate between isomeric gly-

can fragments and address fundamental questions regarding the fragmentation mechanism of glyco-

sidic linkage. 

In Chapter 5, a method for the identification of glycan positional isomers was presented. It is based 

on generating structurally diagnostic fragments specific to each isomer and comparing their IR fin-

gerprint to a spectroscopic database. Furthermore, we addressed the problem of a lack of pure ana-

lytical standards required for comparison, which hampers the use of various database-based ap-

proaches, including IR fingerprinting. We demonstrated that our method can be employed to popu-

late an IR fingerprint database with a reduced need for glycan standards. We identified the position-

al isomers of G0-N, G1, and G1F N-glycans starting with only two small, isomerically-pure stand-

ards and extended the spectroscopic database with newly-identified structures that can also be used 

as diagnostic fragments for the identification of larger glycans. 

In Chapter 6, we used a similar approach to identify mobility-separated α and β anomers of a selec-

tion of N-glycans by identifying Y-fragments via comparison of their IR fingerprints to those of 
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smaller analytical standards. First, we used the IR spectra of the fragment corresponding to diacetyl-

chitobiose to identify reducing-end anomers of the N-glycans Man1, Man2, Man3, and G0-N(3). In 

addition, we demonstrated how the newly-identified anomers can be used to assign those of yet 

larger glycans, hence minimizing the need for pure analytical standards. In Chapter 7, we used the 

same approach to identify reducing-end anomers of high-mannose glycans cleaved from RNase B.  

Furthermore, an approach combining SLIM-based (IMS)3 and cryogenic IR spectroscopy was pre-

sented in Chapter 8. This allows us to generate second-generation fragments, followed by their mo-

bility-separation and spectroscopic interrogation. This is instrumental for cases when we do not find 

a match for the first-generation fragments for which the reference spectra have not been previously 

recorded. We envision these results as a proof-of-principle for building a general (IMS)n approach, 

where mobility-separated ions can be re-trapped, fragmented, and mobility-separated several times 

before spectroscopic interrogation until a positive database match is found. Such an approach would 

facilitate rapid structural identification of unknown glycans in their precise isomeric form as well as 

further extension of an IR database with newly-identified structures. 

Collectively, the results presented in this thesis demonstrate that our newly-developed approach has 

the potential to become a powerful analytical tool for glycan analysis. It facilitates unambiguous 

identification of isomeric glycans without heavy reliance on analytical standards. The determination 

of complete structural details of isomeric glycans would ultimately lead to a better understanding of 

their biological functions and biomedical applications, such as biomarker discovery and the devel-

opment of biotherapeutics. 

Future work should be focused on using complementary methods such as exoglycosidase digestion 

to extend the spectroscopic database. Furthermore, we need a standardized protocol for developing 

the database. In this thesis, all of the data was recorded in positive-ion mode using sodium as a 

complexing cation and N2 gas for ion mobility, CID, and messenger-tagging spectroscopy. We par-

ticularly focused on fragments that carry the hydroxyl group (C and Y) upon breaking the glycosid-

ic bond and therefore exhibit the same structure as that of intact glycans. However, other fragments 

(B, Z, and A) can also be used to determine more information about the glycan structure. In addi-

tion, the incorporation of fragmentation techniques such as surface-induced dissociation (SID) with-

in the SLIM module could also be explored. Multiplexed approaches should be used to increase 

throughput, allowing one to record spectra of multiple fragments simultaneously. While the ap-

proach presented in this thesis focused on analyzing N-glycans, it could also be extended to study 

other complex glycan structural classes, such as HMOs, O-glycans, GAGs, etc. 
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With the ability to obtain an IR fingerprint spectrum in tens of seconds using a turn-key fiber-

pumped laser system combined with the ongoing advancements in high-throughput multiplexed 

approaches and user-friendly software for automated IR comparison, the approach presented in this 

thesis could become commercially available for glycan analysis in the future. This would be a tre-

mendous breakthrough for glycomics, both for fundamental research and applications in the phar-

maceutical industry. 
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Appendix 
 

 

 

 

 

 
 

Figure A.1: (a) ATD of Man-2(3) (top) and Man-2(6) (bottom) standards after three separation cy-

cles (30 m pathlength). (b) Cryogenic IR fingerprint spectra of each peak in the ATD of Man-2 

standards 
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Figure A.2: (a) Arrival time distribution and (b) IR fingerprint spectra of G0-N(3) isomers. 
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Figure A.3: (a) ATD of an isomeric glycan mixture with m/z 1136 after one cycle. (b) Cryogenic IR 

spectra of third peak in the ATD (maroon), compared to that of a glycan standard (see inset). 

 

 

 

Figure A.4: IR fingerprint spectra of the G1(3) and G1(6) positional isomers. 
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Figure A.5: IR fingerprint spectra of the G1F(3) and G1F(6) positional isomers. 
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Figure A.6: Mass spectrum showing various adducts of cleaved high-mannose glycans from  

RNase B glycoprotein. 

 

 

 

 

 

[Man5+H]+

1235

[Man5+Na]+

1257

R
el

at
iv

e 
in

te
ns

ity

18001600140012001000
m/z

[Man6+H]+

1397

[Man6+Na]+

1419

[Man7+H]+

1559

[Man8+H]+

1721

[Man8+Na]+

1743

[Man9+2Na]2+

964
[Man7+Na]+

1581
1073

[Man5+NH4]+

1252

[Man6NH4]+

1414

[Man7+NH4]+

1576
[Man8+NH4]+

1739

900



Appendix 

 172 

Appendix I 

The procedure for obtaining database spectra of ⍺ and β reducing-end anomers of the LNT standard 

is based on the identification of Y-type fragments generated from a mobility-separated precursor 

that retains its reducing-end anomericity information upon CID, which was demonstrated in a recent 

publication.1 The LNT reference standard features two drift peaks after two SLIM separation cycle 

that might be a result of the two reducing-end anomers. We generate Y2 fragments (corresponding 

to lactose) from the mobility-separated LNT ions and compare their spectra (Figure A.7) to their 

corresponding anomerically pure, O-methylated reference compounds published recently. The 

comparison allows us to assign that the first and second drift peaks in the ATD of LNT correspond 

to β and ⍺ anomers, respectively. 

 

 

Figure A.7: (a) Arrival time distribution of singly sodiated LNT after two separation cycles (20 m 

path path). (b) IR spectra of the Y2- frag ment (lactose) generated from the peak 1 and peak 2 in the 

ATD of LNT. 
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