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ABSTRACT 

 The existence of different isomers makes the study of N-glycan a 

challenging task. Hydrophilic Interaction Liquid Chromatography paired with Mass 

Spectrometry (HILIC-MS) is one of the well-known methods in glycomics. Having a 

single separation dimension limits HILIC-MS ability to distinguish some isomers. Ion 

mobility spectrometry (IMS) is a high-resolution gas phase separational technique that 

can be combined with HILIC-MS to increase the resolving power of the system without 

compromising the efficiency of HILIC separation. The HILIC-IMS-MS system provides 

better separation for N-glycan isomers, improving the ability to identify individual 

components in complex carbohydrate mixtures.  

The work presented in this dissertation highlights the application of HILIC, IMS, 

and MS for the study of N-glycans. In Chapter 3, HILIC-MS was employed to examine 

the quantitative results of N-glycans labeled with different tags. The quantification of N-

glycans using liquid chromatography (LC) – MS was found to be impacted by the chosen 

derivative tag. The ability of HILIC-MS/MS to distinguish glycan isomers was evaluated 

in Chapter 4. Separations were achieved between linkage and branched isomers. Chapter 



5 describes the analysis of immunogenic N-glycans containing α-linked Galactose (α-

Gal), HILIC-MS/MS could not separate α-Gal glycan from its non-α-Gal isomer. IMS 

successfully enabled the separation between α-Gal glycan and its non-α-Gal isomer. 

Because the high resolving power of IMS complements the performance of HILIC-MS 

for isomeric separation, a database (Chapter 6) was created that includes HILIC retention 

time, ion mobility collision cross section (CCS), and mass to charge (m/z) data of 205 

procainamide labeled N-glycans. The database acts as a resource for data analysis of 

unknown samples.  

An orthogonality study was performed to evaluate the resolving power obtained 

by combining different LC modes of separations with IMS-MS (Chapter 7). For glycan, 

porous graphitic carbon (PGC)-IMS-MS has higher peak capacity compared to HILIC-

IMS-MS. Similar study performed on peptide shows that HILIC-IMS-MS has higher 

peak capacity than reserved phase (RP)-IMS-MS.  
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CHAPTER 1 

INTRODUCTION 

 Changes in N-linked glycosylation are found to be correlated with numerous 

diseases.1-4 Cancer research has delved into utilizing some abnormal changes of glycoforms as 

biomarkers for early-stage diagnosis. 1, 5 The advancement in drug development has also brought 

more attention to the study of N-glycans. Administrating biotherapeutic products with a high 

abundance of non-human glycoforms can lead to severe negative effect on patients. 6-9 The 

characterization of N-glycans plays a crucial role in guaranteed safety and efficacy of 

biotherapeutic products. Hydrophilic Interaction Liquid Chromatography (HILIC) paired with 

Mass Spectrometry (MS) is one of the popular methods in glycomics. 10-13 HILIC-MS enables 

characterization of challenging profiles of N-glycans human samples,14-16 or monoclonal 

antibodies (mAbs).17-19 The first part of this work focus on differentiating glycan isomers using 

HILIC paired with tandem mass spectrometry (MS/MS). Isomeric separation via HILIC-MS/MS 

depends mainly on only HILIC, which limits the ability to resolve some isomers. Ion mobility 

spectrometry (IMS) is emerging as a powerful separational technique for carbohydrates with 

separational timescale within milliseconds,20 making IMS a great candidate to be paired with 

HILIC-MS for improvement in resolving power without compromising HILIC separation 

efficiency. The second half of this work discusses the advantages of HILIC-IMS-MS in N-glycan 

study. A database of 205 common N-glycan species in biotherapeutics was developed with 

HILIC retention time, ion mobility collision cross section, and mass to charge data. The 
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orthogonality of multidimensional systems involved IMS were evaluated to assess the resolving 

power of each developed system.   

Chapter 3 discusses Liquid chromatography - mass spectrometry (LC-MS) quantitative 

results of N-glycans labeled with different tags including Procainamide (ProA), 2-

aminobenzamide (2AB), and 2-aminobenzoic acid (2AA). Derivatizing N-glycans helps to avoid 

complications in chromatographic analysis21 and increase ionization efficiency in MS.22-25 

Reductive animation is one of the common derivative methods in N-glycan quantification. There 

are various reductive animation tags available for derivatization. The quantitative results from 

LC-MS are expected to be consistent despite different tags chosen for quantification. Each tag 

has a unique structure and carries distinct chemical properties, which can produce dissimilarities 

in quantification. Chapter 3 examines differences observed amongst the relative quantitation of 

differently labeled glycans. Discussion focusses on different aspects that can produce 

inconsistency in quantification using LC-MS. Frankenmab (IgG2), Natalizumab (IgG4), and 

Human Serum IgG were the three main glycoprotein sources chosen for the study. All labeled 

glycans were run under similar LC-MS conditions to guarantee consistency amongst 

experiments. The profile of N-glycans were characterized prior to quantification. The relative 

abundance (%) of N-glycans was calculated based on the characterized glycan profiles.  

Chapter 4 demonstrates the application of HILIC-MS/MS in separating N-glycan 

isomers. Overexpression of some N-glycans has been proposed as potential biomarkers in cancer 

studies. The abnormal increase in abundance of α2,6-linkages Neu5Ac N-glycans26, 27  or 

polyLacNAc glycan28, 29 was found to associate with tumorigenesis. PolyLacNAc species are 

glycans composed of the repeating pattern of Gal-(β1-4)-GlcNAc on antennae. Fetuin is a well-

known glycoprotein source with a high variety of complex sialylated glycans including Neu5Ac-
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(α2-3/6)-Gal glycans, Neu5Ac-(α2-6)-GlcNAc glycans, and Neu5Gc-(α2-3/6)-Gal. 30, 31  Chinese 

Hamster Ovary (CHO) cells is a popular cell line used in synthesizing biotherapeutics products. 

32, 33 Glycoforms in CHO cells involve arrays of different N-glycans with complex structures. 

Chapter 4 displays some exciting separation of sialylated isomers and polyLacNAc glycans 

detected in Fetuin and CHO cells. The achieved separations indicate HILIC-MS is a powerful 

tool in differentiating challenging profile of N-glycan isomers.  A preliminary study combining 

ion mobility spectrometry (IMS) with HILIC-MS for N-glycan characterization was conducted. 

The study shows promising results of IMS complements the separation of HILIC and provides 

additional fingerprint data for identification.  

Chapter 5 studies the separation of Gal-(α1-3)-Gal (α-Gal) glycans from their non-α-Gal 

isomers using high resolution ion mobility. Clinical research found that biotherapeutic products 

with high abundance in glycans containing α-Gal linkage can lead to severe allergic reaction in 

patients.34 Humans lack the ability to produce α-Gal glycan and a novel IgE antibody (Ab) is 

directed against the existence of α-Gal glycans. 34 The detection of α-Gal glycans plays a crucial 

role in ensuring the safety in biotherapeutics. The glycoforms of Cetuximab have high 

abundance in α-Gal containing glycans and was chosen as the α-Gal positive control of this 

study.  HILIC-MS/MS was initially used to identify α-Gal containing glycans from non-α-Gal 

species. While HILIC-MS/MS attained the separation of α-Gal species with the Galactose 

number exceeds the antenna number, HILIC-MS/MS could not distinguish α-Gal species with 

Galactose number equals to the antenna number. A different system involves a combination of a 

high-resolution ion mobility (IMS), and HILIC-MS was used for the characterization of α-Gal 

glycans. The separation between non-α-Gal glycan and its α-Gal isomer was achieved via IMS. 
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The study reveals the ability of IMS in identifying challenging immunogenic α-Gal glycan in the 

presence of their non-α-Gal isomers.  

Chapter 6 discusses the development of procainamide labeled N-glycan database. HILIC-

IMS-MS has been demonstrated as a powerful system in the characterization of N-glycans. Most 

of the current databases only include data from one of the participating dimensions such as 

Glycostore 35 only reports LC retention time data or Glycomob 36 includes only ion mobility 

data.  The available databases are independent databases that report data of N-glycan with 

different derivatization and cannot be linked together for identification purposes. This study 

developed a comprehensive database that comprises 205 procainamide labeled N-glycans with 

HILIC retention time in glucose unit, ion mobility data in CCC, and mass to charge (m/z) data 

from MS. A list of glycoprotein sources was carefully chosen to characterize information of N-

glycans commonly found in biotherapeutic products. The database also includes immunogenic 

glycans such as (α2-3/α2-6) Neu5Gc-glycan and α-Gal containing glycan. The three-dimensional 

N-glycan database is a useful toolbox during data analysis that provides detailed characterization 

profile of N-glycans with information on linkage or branched isomers. 

Chapter 7 evaluates the orthogonality of different multidimensional systems used in 

glycomics and proteomics. Peak capacity is a common metric to measure separation efficiency. 

37, 38   The combination of multiple separational systems enables improvement of peak capacity, 

which can significantly increase the overall resolving power of the system. The utilization of LC-

IMS-MS has gained attention in many research areas for high resolving power and efficiency.39-

41 This study examines the orthogonality of three LC-IMS-MS systems including: HILIC-IMS-

MS, porous graphitized carbon (PGC)-IMS-MS, and reversed phase (RP)-IMS-MS.  The 

orthogonality of HILIC-IMS-MS and PGC-IMS-MS in N-glycan analysis was assessed. The 
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orthogonal study of peptide examines the behavior of HILIC-IMS-MS and RP-IMS-MS. The 

study of orthogonality allows better assessment of resolving power of different LC-IMS-MS 

systems. Researchers can utilize orthogonal information in choosing an ideal system for analysis. 
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CHAPTER 2 

LITERATURE REVIEW 

Glycosylation 

Glycosylation is the most common protein post translational modification.42-44 This 

process involves the attachment of polysaccharides to a protein at a specific amino acid. There 

are four classifications including O-glycosylation, N-glycosylation, C-glycosylation, and GPI-

anchored attachment.42, 45 O-glycosylation and N-glycosylation are two most common forms of 

glycosylation.  O-glycosylation is the result of sugar attaching to oxygen atom in the hydroxyl 

group of Serine (Ser) or Threonine (Thr).42, 46 O-glycan can be further categorized based on the 

initial sugar linked to the amino acid.46 N-linked glycoprotein formed via the bonding of N-

acetylglucosamine (GlcNAc) to nitrogen atom of Asparagine amino acid.47 N-glycan is divided 

into three groups: high mannose, hybrid, and complex glycan.47 Glycosylation participates in 

many biological functions such as immune response, signaling pathway, protein stability, and 

folding. 42Abnormal changes of glycosylation correlate with numerous diseases such congenital 

disorders of glycosylation, cancer, infectious, and chronic inflammatory diseases.45, 46  

N-linked Glycosylation 

N-linked glycosylation involves the addition of sugars to the peptide backbone at the 

asparagine (Asn) amino acid. 47-49 The chain of N-glycan sugars commonly starts with the 

formation of β1-4 linkage between N-acetylglucosamine (GlcNAc) and the nitrogen atom of 

Asn. Most N-glycans with GlcNAc-β1-4-Asn core linkage share the same biosynthesis pathway 

that begins with the synthesis of dolichol-P-P-GlcNAc2Man9Glc3 in the ER lumen. 
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Oligosaccharyltransferase (OST) then binds to the newly formed dolichol-P-P-

GlcNAc2Man9Glc3 to transfer GlcNAc2Man9Glc3 onto Asn-X-Ser/Thr in proteins and release 

Dol-P-P in the process. The pathway continues with the cleavage of glucoses via α-glucosidases 

I and II, leaving the glycan chain with GlcNAc2Man9 (Man9). From there, the α1-2 linkages 

between mannoses are cleaved to transform Man9 into GlcNAc2Man5 (Man5). It is worth noting 

the removal process of α1-2 linkages between mannoses suggests that Man9 and Man5 are the 

two unique high mannose glycans exit in only one structure, no isomers formed throughout the 

process. The formation of hybrid and complex glycans is initiated by N-

acetylglucosaminyltransferase (MGAT1) transferring GlcNAc residue to the C-2 position of the 

Mannose attached to the α1-3 branch. 47-49 Different enzymes such as Mannosidase, N-

acetylglucosaminyltransferase, Galactosyltransferases, Fructosyltransferase, and 

Sialyltransferases start to add or trim monosaccharide residue, which create different structures 

of N-glycans.47, 50 The diversity of an N-glycan structure depends on the number of antenna 

GlcNAc, antenna Gal, attached sialic acids (Neu5Ac or Neu5Gc), and the identification of 

glycosidic linkages.  

Involvement of N-Glycans in Biotherapeutics 

The alterations in abundance of some specific glycan structure have been explored as 

potential biomarkers for cancer diagnosis.1-4 Sialic acids are often attached to galactose or N-

acetylgalactosamine residues at the reducing end via α2,3 or α2,6 linkages.51-53 Sialic acids play 

a key role in cell communication due to their exposure location. 52, 53  Elevation in abundance of 

α-2,6 Neu5Ac glycan was detected in cancerous samples and proposed as potential biomarkers. 

26, 27 Another example of glycan in biomarker study is the overexpression of Poly-N-

acetyllactosamine (polyLacNAc) glycans. PolyLacNAc glycans are species with Gal-(β1-4)-
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GlcNAc disaccharides (LacNAc) repeating on antennae.54  The progress of tumor was found to 

correlate with the increase in abundance of polyLacNAc species. 28, 29 The highlighted examples 

demonstrate the involvement of glycans in numerous diseases, particularly cancer.   

The evolution in synthesizing biotherapeutic products from non-human sources has 

brought more attention to non-human immunogenic glycoforms. Some non-human glycans 

detected in biotherapeutic products can cause negative impact when administrated into patients. 

A popular example is the Gal-(α1-3)-Gal (α-Gal) immunogenicity. The immunogenicity of α-Gal 

species was first reported in a clinical study of a biotherapeutic drug called Cetuximab. Humans 

lack the ability to produce N-glycan with α-Gal modification. A novel IgE antibody (Ab) was 

discovered to direct against the detected α-Gal glycans in Cetuximab, causing hypersensitivity 

reaction in patients. Another popular case of immunogenic glycans is the existence of glycans 

with N-glycolylneuraminic acid (Neu5Gc). Neu5Gc is created via the conversion of N-

acetylneuraminic acid (Neu5Ac) using CMP-Neu5Ac hydroxylase enzyme.55 Human lost the 

ability to make CMP-Neu5Ac hydroxylase enzyme through evolution and cannot produce 

Neu5Gc.56 Anti-Neu5Gc activity has been reported in healthy human or human-like models, 

indicating the potential risk Neu5Gc posed.57, 58 

N-glycan Release  

The analysis of N-glycan starts with releasing of glycan from the peptide backbone. 

Chemical and enzymatic release are the two common methods employed in glycan analysis. 

Hydrazine and β-elimination are the two most well-known chemical approaches.59 N-glycan 

linkage is cleaved via hydrolysis under alkeline condition in β-elimination.60 Hydrazine method 

uses anhydrous hydrazine to remove the linkage of between GlcNAc and Asn.61 Chemical 

approaches involves highly toxic chemicals and can result in unpredicted modification of the 
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released glycan,59-61 which makes chemical application a less popular choice compared to 

enzymatic method. Some of the enzymes used in enzymatic cleavage include Endo H, Endo F, 

Endo D, PNGaseA, and PNGaseF.47, 59, 62 Each of these enzymes have their own limitations in 

cleaving some type of glycans or large species. PNGaseF is the most widely used enzyme due to 

its ability in cleaving most N-glycans including large and complex species with the only 

exceptions for non-mammalian glycans containing a 1,3-core fucose.47, 59 

Derivatization of N-glycan  

Derivatization is highly recommended in the analysis of N-glycan. Released N-glycan 

has a non-reducing end of GlcNAc residue that produces β- and α-anomer. The conversion 

between anomers results in multiple peaks in chromatographic profile and complicate the 

analysis of N-glycan. Derivatization of N-glycan can transform the unreduced GlcNAc into 

sugar alditols, which avoid complications in chromatographic profile and increase ionization 

efficiency in mass spectrometry.21 Analytical methods utilize fluorescence detectors cannot 

detect native glycan due to the absence of chromophore or fluorophore group.24 Some 

derivatization methods label the reducing end glycan with fluorescence tags to enable detection 

in fluorescence analysis.22 Another popular platform for glycomics study is mass spectrometry. 

The glycosidic bonds of glycan are fragile and can easily be broken down during electrospray 

ionization in mass spectrometry, resulting in a decrease in ionization efficiency and increase in 

limit of detection.22-25   

Permethylation is a derivatization method that works well for glycomics study using mass 

spectrometry platforms.24, 63, 64 Permethylation is the process where all active hydrogens of the 

glycan structure are converted to methyl groups using iodomethane. All hydrophilic hydroxyl 

groups in glycan are replaced with methoxy groups, which led to the increase in hydrophobicity 
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for permethylated glycans.24 Permethylation was first introduced by Purdie and Irvine,65 but the 

procedures were laborious with a lot of hazardous chemicals involved. The permethylation 

procedure was later optimized by Ciucanu and Kerek,66 utilizing iodomethane in dimethyl 

sulfoxide (DMSO) containing powdered sodium hydroxide to perform permethylation of 

glycans. While more development has been done to increase permethylation yield, Ciucanu and 

Kerek protocol are the standard method for permethylation in glycomics studies.  Sialic acid with 

carboxyl groups struggle to ionize and decrease the overall protonation of highly sialylated 

glycan. These carboxyl groups are converted into methyl ester, which significantly increases the 

ionization efficiency of sialylated glycans. Permethylation is one of the most effective 

derivatization methods to eliminates the low ionization of sialylated species.24 Research also 

reported that permethylated glycan enables structure identification by tandem mass spectrometry 

and overcome fucose migration issues detected in gas-phase.64 The separation of permethylated 

glycans with high hydrophobicity has been well-studied in reversed phase liquid 

chromatography.63, 67, 68 While these studies successfully detect complex glycans, limitations in 

isomeric separations are observed as the differences in hydrophobicity were not effective enough 

to distinguish some challenging isomers.13 Research also demonstrated the distinguishment of 

permethylated glycans using porous graphitized carbon mode, suggesting a new approach in 

permethylated glycan separation.64, 69, 70  

Reductive animation is another popular mode derivatization approaches. A condensation 

reaction is performed between a chosen fluorescence tag with amine group and the aldehyde 

group of the nonreduced GlcNAc. A reductive reaction is performed after, converting the 

resulted imine or Schift base to a secondary amine via reducing agent such as NaBH4 or 

Na[BH3CN].22 Reductive animation only modified the reducing end with the addition of an 
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amine tag, which reserves the hydrophilicity of glycans. The reserved hydrophilicity enables the 

separation of challenging glycan isomers using hydrophilic interaction liquid chromatography. 

Some traditional tags such as 2-aminobenzamide (2-AB), 2-aminobenzoic acid (2-AA), and 2-

aminopyridine (PA) are often used in N-glycan analysis using liquid chromatography paired with 

detectors.22, 24  Studies using mass spectrometry as detector technique typically prefer 

fluorescence tags with tertiary amine group that has high ionization efficiency in positive ion 

acquisition mode such as procainamide (ProA), InstantPC, and RapiFluor-MS (RFMS).24 

InstantPC and RFMS allow high through application, but these tags are not cost-effective for 

research as they require purchasing expensive N-glycan kit from the vendor. ProA produces 

effective ionization efficiency and does not require purchase of vendor labeling kit, which is 

cost-effective for applications in research. Reductive animation provides significant benefits to 

analytical methods using liquid chromatography or mass spectrometry platforms and has been 

applied widely in N-glycan analysis.  

Mass Spectrometry in Glycans Analysis  

Mass spectrometry (MS) is a widely used platform for the characterization of N-

glycans.71-73 MS identify molecules by measuring their mass to charge (m/z). Analytes are 

introduced into an ion source to generate charged particles for analysis. The charged ions travel 

through mass analyzer where ions are separated based on their m/z prior to arriving at the 

detector.74, 75 The detector measures the ion intensity of separated ions via electronic currents.76 

Mass spectrum is generated for analysis with the ion intensity (y-axis) and m/z (x-axis).  

Tandem mass spectrometry (MS/MS) produces fragment ions that are used to assist in 

structural identification of unknown glycan. Some common fragmentation techniques such as 

low/high collision-induced dissociation (CID), electron capture dissociation (ECD), and electron 
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transfer dissociation (ETD) have been utilized in carbohydrate identification.77 CID remains the 

more popular option for glycan analysis.77 Glycan can be fragmented through the glycosidic 

linkage or cross-link cleavages. While protonated carbohydrates generate glycosidic cleavage, 

metal-adducted oligosaccharides are prone to produce cross-link fragment ions under the 

influence of low energy CID.78, 79  Electron-based dissociation methods such as ECD and ETD 

generally reported to produce extensive abundance in cross-link cleavage.80, 81 Glycosidic 

cleavage produces fragment ions focusing on composition information, but ions resulted from 

cross-link cleavage provide more detail on linkage identification.  Cross-link fragment ion assists 

MS to characterize linkage or branching position of glycan structure. 80, 81 Applications of 

tandem mass spectrometry have demonstrated fragment ions benefit MS-based analysis greatly 

in characterizing N-glycans.80-83 

Ionization Methods  

Two most popular soft ionization methods in carbohydrate analysis are Matrix-Assisted 

Laser Desorption/Ionization (MALDI) and Electrospray Ionization (ESI).77, 84, 85 MALDI utilizes 

laser to desorbs and ionizes samples under high vacuum. Samples are required to be mixed with 

a chosen matrix that enables the absorption of laser energy.86 High throughput applications of N-

glycans analysis have demonstrated MALDI-MS is a powerful tool that enables the analysis of 

high complex N-glycan profiles.87-89 MALDI paired with mass spectrometry imaging (MSI) 

emerges as a valuable tool in biotherapeutics, particularly tissue analysis. MALDI-MSI can 

directly analyze glycans on the surface of tissue, which allows glycan profiling of tumor- and 

non-tumor regions.90, 91 Electrospray Ionization (ESI) applies high electric energy to transform 

liquid sample into charged droplets. High temperature and stream of drying gas induces 

evaporation, and ions are ejected from the charged droplets. The emitted ions are often generated 
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as multiple charged species.92 ESI is widely used as an ionization source for online liquid 

chromatography/capillary electrophoresis separation paired with MS. The application of ESI-MS 

with online separation method has enabled identification of challenging glycan profiles.93-95 

Mass Analyzer  

Mass analyzer is a sensitive component that plays a crucial role in differentiating ions. 

Different mass analyzers are available for glycan analysis including ion trap (IT), orbitrap, 

Fourier transform ion cyclotron resonance (FT-ICR), quadrupole, and time-of-flight (TOF).96 Ion 

trap is one of the classic mass analyzers used in carbohydrate analysis.97, 98 Ion trap uses direct 

current (DC) and radio frequency (RF) potential to trap ions in a confined space before ejecting 

ions for detection.99, 100 FT-ICR and Orbitrap also “trap” ions for analysis. FT-ICR works by 

trapping ions in a strong magnetic field where ions move in circular motion. RF electric field 

excites the ions and push them toward the detector plate. Excited ions continue to orbit and 

generate unique image currents on the detector plate. Fourier transforms the time-domain image 

current into frequency domain, which are then converted into m/z ratios.101, 102 Orbitrap on the 

other hand traps ions in an electrostatic field where ions orbit around the central spindle 

electrode. A special conical shape of electrode at the same time introduces an axial electric field 

that pushes ions and initiates harmonic axial oscillations.  The axial oscillations generate unique 

image currents, which are later Fourier-transformed into the frequency domain and converted 

into m/z data.102, 103 While FT-ICR provides higher resolution and mass accuracy, Orbitrap 

operates more simple without the need of superconducting magnet and is a more poplar mass 

analyzer in glycomics study.96, 104 Quadrupole is another popular mass analyzer in glycan 

analysis. Quadrupole consists of four circular metal rods where DC and RF are employed to 

create an electric field. Ions outside a desired m/z range when oscillates in the electric field will 
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collide into the rods and not reach the detector.105 Some modern applications of quadrupole mass 

analyzer are triple quadrupole mass spectrometry (QQQ) or quadrupole - time of flights mass 

spectrometry (Q-TOF). QQQ instrument consists of three quadrupoles where the first quadrupole 

selects precursor ions, the second quadrupole contains a collision cell that produces fragment 

ions, and the resulting fragment ions are filtered in the third quadrupole. QQQ is a unique mass 

spectrometry platform that provides absolute quantification.106 Quadrupole can often be 

combined with TOF mass analyzer to create an identification system that filters, fragments, and 

detects ions. TOF measures the time travel of ions in a fixed distance and converts the collected 

flight time into m/z ratio. TOF offers ultra-fast mass analysis with a wide range of m/z and great 

ion transmission.107 Quadrupole combined with TOF enables both high selectivity of ions and 

rapid analysis, which is ideal for high throughput identification. Q-TOF is a valuable platform 

that has been applied widely in characterizing complex glycan profiles.82, 108, 109  

Liquid Chromatography  

Liquid chromatography (LC) is a separation technique that separates a mixture into 

individual analytes. Separation in LC is driven by the interaction of analytes with the mobile 

phase and stationary phase. A chromatographic column is described as being made up of 

theoretical plates110 where the high number of theoretical plates represents high separation 

efficiency. Assuming the length of the column remains unchanged, the height of the theoretical 

plates can be altered to optimize the number of plates in a chromatographic column.111 The 

smaller the height of theoretical plates equivalent with a higher the number of plates. The 

elements impacting the height of theoretical plates can be described via Van Deemter 

equation111:     

𝐻 = 𝐴 + 
𝐵

µ
 +  𝐶µ                                               Equation 1 
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Eddy diffusion (A) describes different paths that an analyte can travel in the column. The 

packing of the column directly impacts eddy diffusion where poor packing creates multiple paths 

and results in wider analyte elution.112  Longitudinal diffusion (B) is the diffusion of analytes 

from high to low concentration areas phase, which results in band broadening.113 The faster the 

mobile phase velocity (u) or often known as flow rate, the smaller the impact of longitudinal 

diffusion. Resistance to mass transfer (C) illustrates the movement of an analyte between the 

stationary phase and the mobile phase.111 Analyte can travel inside the stationary phase and a 

slow flow rate results in slow existing of analyte, creating peak broadening. Increasing of mobile 

phase velocity enables fast existing of analyte from the stationary phase and avoid peak 

broadening. 

Liquid chromatography is often paired with MS in glycomics study. There are several LC 

techniques that have been paired with MS to characterize N-glycans: reversed phase liquid 

chromatography, porous graphitized carbon, and hydrophilic interaction liquid 

chromatography.13 

Reversed Phase Liquid Chromatography (RPLC) separate analytes through the 

hydrophobic interaction between the analyte and the stationary phase. The RP stationary phase 

used in glycan analysis is often made of long chain hydrocarbons called C18 (octadecylsilane) 

linked with silica particles. Molecules with higher hydrophobicity interact and retain longer on 

the RP column.114 N-glycan is a chain of monosaccharide residue with high hydrophilicity, 

which does not interact well with the nonpolar stationary phase of RP. Hydrophobic 

derivatization of N-glycan is necessary to increase the hydrophobicity of glycan the structure and 

enable better interaction with the stationary phase.13, 114 Permethylation is a common choice of 

hydrophobic derivatization where the hydroxyl groups are converted to methoxy group.24 
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Research has reported that RPLC combined with MS/MS enable successful analysis of glycans 

released from complex matrices such as human milk,115 mouse brain tissue,116 or cell lines.117 

One of the limitations of RPLC in glycan analysis is the ability to separate isomers. Some 

isomers have such small differences in structure that hydrophobic changes do not have the 

capacity to induce isomeric separation in RPLC.13 While there are possible solutions to increase 

separation efficiency of RPLC, the proposed solutions are often time-consuming and laborious.13 

RPLC is a robust separational technique, but other LC modes are preferable in separating glycan 

isomers.  

Porous graphitic carbon (PGC) is a powerful LC in separating isomeric glycans. 

Separation mechanism in PGC is a combination of hydrophobicity influence from the analytes 

and the polar retention effect of the graphitic carbon.118 The first application of PGC in glycan 

analysis was the characterization of high mannose native glycans released from Ribonuclease B. 

PGC has successfully achieved isomeric separation of Man8, Man7, and Man6, paving a way to 

utilize PGC in differentiating complex isomers.119 More recent applications of PGC have been 

done with permethylated or reducing-end derivatized glycans. Linkage isomers such as α2-3/α2-

6 sialylated glycans were successfully separated, indicating the resolving power of PGC for 

glycan analysis.70, 120 PGC has been demonstrated as a powerful LC mode in separating isomeric 

species, but the lack of reproducibility for retention time121 has limited the application of this LC 

mode.  

HILIC is a popular liquid chromatography mode that complements MS greatly in 

glycomics study.10, 13 HILIC was first introduced by Alpert in 1990 as a derivative of the normal 

phase.122 Separation mechanism in HILIC relies on partition mechanism (hydrogen bonding), 

ionic, and dipole-dipole interaction.  Analytes partition between the organic mobile phase and 
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semi-immobilized layer of mobile phase enriched with water is formed in the stationary phase of 

HILIC. This partition mechanism was suggested as a crucial mechanism in the retention of 

carbohydrates in HILIC.122 There are different packing material available for HILIC column 

such as Zwitterionic (ZIC R©) functional group, amide/amine group, and hydroxyl group.13 The 

unique hydrophilic interaction between the stationary phase and the analytes enables effectively 

separation of glycan isomers.10 HILIC combined with MS has successfully characterize 

challenging profiles of N-glycans.17-19 HILIC has been demonstrated as a power LC mode in 

resolving complex isomers such as α1-3/α1-6 A2G1F14 or α2-3/α2-6 sialylated glycan.12 HILIC 

not only provide excellent resolving power in isomeric separation but also produce reproducible 

and predictable retention time, which makes HILIC an ideal LC mode in glycan study.   

Ion Mobility Spectrometry 

Ion mobility Spectrometry (IMS) is emerging as a powerful separational technique for 

carbohydrates. Ions are moved in gases under the influence of electric field and differentiated 

based on mass, charge and shape.123 A small and compact ions travel faster than a large and 

bulky ions in an electric field. IMS measures the mobility of ions in the unit of time, but most 

studies convert ion mobility arrival time into collision cross section (CCS).  CCS is a universal 

unit and transferable across instruments.  Drift tube IMS can produce arrival time that can be 

directly converted into CCS using Mason-Schamp equation.124  Other platforms such as traveling 

wave IMS must use calibrant to establish a calibration curve and convert arrival time into 

CCS.125, 126  IMS was initially employed to differentiate small carbohydrate isomers.20 More 

studies started to utilize IMS for high throughput applications  due to the ability in separating 

analytes within milliseconds. 127-130 A development of a high resolving power IMS platform 

called structures for lossless ion manipulations (SLIM) has been proposed as a powerful tool to 
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differentiate challenging isomers. SLIM is a travelling-wave based IMS that separates ions 

through using a unique 13 m path length.131-133 Some applications of SLIM in N-glycan isomer 

separation have successfully distinguish challenging positional isomers such as (α3/α6) on 

A2G1131 and A2G1F,134 suggesting the ability of SLIM in isomeric separation.  

N-glycan database 

N-glycan database is developed as an assistant tool in analysis. The study of N-glycans 

involves multiple steps starting from sample preparation to data analysis for final identification. 

Studies with information on different glycans are valuable assets. N-glycan database was 

established to help store and manage characterized data of N-glycan,135 which can be used as a 

search tool to increase accuracy and efficiency in future data analysis. The development of N-

glycan database dated back in 1980s with the first database established called Complex 

Carbohydrate Structural Database (CCSD).136 Complex Carbohydrate Structural Database 

(CCSD) includes thousands of different glycans reported with their biological 

activities/applications.  The emergence of new analytical techniques has led to the development 

of different databases including a variety of data such as NMR spectra,137 MS spectra,138 LC 

retention time,35 and ion mobility CCS.36 Research in development of N-glycan database is 

currently in progress to help expand the coverage of available glycan data. 

Orthogonality 

Orthogonality is a common metric to evaluate the separation efficiency of 

multidimensional systems. The application of multidimensional systems has been demonstrated 

as a powerful approach to increase separation efficiency of an analytical technique. 41, 139 140, 

141An iconic example of multidimensional system is Multidimensional Protein Identification 

Technology (MudPIT) that employs an orthogonal two-dimensional liquid chromatography to 
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detect more than 1000 proteins in a complex proteome profile.142 However, not all analytical 

techniques can result in effective resolving power and provide useful data when paired together.  

Orthogonal study examines the uncorrelation between data collected from the participating 

technique. High uncorrelation of collected data indicates each participating dimension result in 

unique datapoint with minimal overlap.143, 144 Orthogonality metric can be calculated by 

evaluating the geometric coverage of the datapoint in a specific two-dimensional space. The 

geometric calculation of orthogonality was first introduced by Gillar et al in 2005.145 The study 

also showed evaluation of orthogonal metric of 7 different two-dimensional LC systems. Many 

following studies have applied this geometric approach to calculate the orthogonality of different 

two-dimensional LC systems. 143, 144, 146 
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CHAPTER 3 

N-LINKED GLYCAN QUANTITATION, IS RELATIVE QUANTITATION ALTERED BY 

LABEL CHOICE? 
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Abstract 

Glyco-biomarker study often utilizes the quantification of glycosylated IgGs for 

biomarker diagnosis. Liquid chromatography (LC) paired with mass spectrometry (MS) is a 

common platform for the characterization and quantification of N-glycans. Derivatization of 

released N-glycans is highly recommended prior to LC-MS analysis. One of the most common 

derivative approaches is labeling the unreduced N-acetylglucosamine (GlcNAc) terminus with an 

amine tag. Labeling the terminus of glycans helps to increase MS signal and improve 

chromatographic characteristics. Different tags can be chosen for quantitative experiments as it is 

expected that samples labeled with different tags still yield the same ratio of glycans. Herein, an 

evaluation to this assumption was conducted by using three popular tags: Procainamide (ProA), 

2-aminobenzamide (2AB) and 2-aminobenzoic acid (2AA) for the relative quantification of N-

glycans released from IgG samples. The result reveals that the difference in chemical properties 

from each tag leads to dissimilarities in quantitative results.  
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Introduction 

N-linked glycosylation is one of the most common post translational modifications that 

impact stability and other cellular functions of proteins.43, 44 The alterations of N-glycosylation 

were found to be associated with numerous human diseases, particularly in cancer.1-4 Research in 

biotherapeutics provided many insights into discovery on the connection between N-glycan 

patterns to common cancer diseases such as pancreatic, prostate, ovarian, stomach, and lung 

cancer.1 The study of changes in N-glycosylation is proposed as a potential biomarker tool for 

clinical diagnosis. One of the popular successful studies in glyco-biomarker is the FDA-

approved case called fucosylated alpha-fetoprotein (AFP-L3) for the early detection of 

hepatocellular carcinoma (HCC) amongst liver cancer patients.1, 5  

Biotherapeutic studies often employ Liquid Chromatography (LC) – Mass Spectrometry 

(MS) for N-glycan quantification.117, 147-150 While MS is a highly sensitive technique that 

simultaneously detect and quantify the ratio of N-glycans, LC complements MS via assisting to 

differentiate some  isomers that MS alone struggles to detect. Some common LC modes in 

glycomics includes reversed phase liquid chromatography (RPLC), porous graphitic carbon 

(PGC), and hydrophilic interaction liquid chromatography (HILIC).13  The separation 

mechanism of HILIC utilizes hydrophilic interaction to effectively resolve challenging 

hydrophilic analytes such as glycan isomers.10, 13 With great potential power in isomeric 

separation for carbohydrates and can produce reproducibility retention time, HILIC is a popular 

choice for isomeric N-glycan analysis and quantification.10, 117, 151, 152 The quantification of N-

glycan using HILIC-MS benefits from both the high sensitivity of MS and high resolution of 

HILIC, which helps avoid misidentification and increase accuracy in quantification. 
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The analysis of N-glycans starts with releasing N-glycans from the peptide backbone 

using PNGaseF enzyme followed by clean-up steps and optional derivatizations. Reduction and 

derivatization are recommended for the study of N-glycans using LC-MS method. When N-

glycans are released, the terminus N-acetylglucosamine (GlcNAc) is left unreduced and produces 

anomeric isomers that complicate the analysis of LC profile. Reduction helps convert the 

unreduced GlcNAc into sugar alditols to guarantee the production of single chromatographic 

peaks and avoid complication in data analysis.21 The structure of glycan is fragile and can be 

easily broken-down in the electrospray ionization (ESI) of MS. Research has found that 

derivatization helps to prevent in-source fragmentation and improve ionization efficiency.22-25 

One of the most common N-glycan derivatizations in HILIC-MS experiments is reductive 

animation.22 A primary amine group is chosen for the reaction to react with the aldehyde group 

of the glycan through a condensation reaction. The resulted imine or Schift base is then reduced 

to a secondary amine using reducing agent such as NaBH4 or Na[BH3CN].22  

Various labels were chosen for the quantification of N-glycans.22 Each chosen tag has a 

unique chemical properties and can impact on the ionization efficiency of N-glycans in MS 

differently, which can cause dissimilarity in quantitative results. This study evaluates the relative 

quantitation results of N-glycans released from multiple IgG samples and labeled with three 

different tags: Procainamide (ProA), 2-aminobenzamide (2AB), and 2-aminobenzoic acid (2AA). 

N-glycans were released from Frankenmab (IgG2), Natalizumab (IgG4), and Human Serum IgG 

then labeled with the chosen tags. The released glycans were run on HILIC-MS/MS system for 

N-glycan profile characterization. Relative quantitation of N-glycans was calculated based on the 

characterized glycan profiles.  

Material and Methods  
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Materials 

Human Serum, DL-DTT (DL-Dithiothreitol), iodoacetamide (IDA), ammonium 

bicarbonate, Procainamide, 2-AB, 2-AA, ammonium formate, formic acid, and trypsin (tosyl 

phenylalanyl chloromethyl ketone treated), were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). IgG2 (‘Frankenmab’) and IgG4 (Natalizumab) were provided by GlycoScientific (Athen, 

GA). PNGase F (5000000 U/mL) was purchased from New England BioLabs (Ipswich, MA, 

USA). Acetonitrile (ACN; HPLC grade and LCMS graded) and C18 SPE were purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). Mini Trap G-10 size exclusion column and Hi-

Trap™ protein G HP column was purchase from Cytiva (Marlborough, Massachusetts, USA). 

N-glycans release and derivatization 

Human IgGs were purified from human serum using a Hi-Trap™ protein G HP column 

prior to analysis. 1 mg of IgG2 (Frankenmab), 1 mg of IgG4 (Natalizumab), and 1 mg of human 

serum IgGs were subjected to reduction with 200 mM DL-DTT (4 µL) in 65°C for 1 hour. The 

samples were then alkylated using 4 µL of 1 M iodoacetamide (IDA) in an hour, and the 

remaining IDA was neutralized with approximately 16 µL 200 mM DL-DTT for another hour in 

65°C. TPCK treated trypsin was added (50:1, protein/trypsin) for incubation overnight at 37°C. 

Digested sample were dried via speedvac prior to releasing N-glycans using approximately 2-4 

µL PNGaseF. The samples were left overnight at 37°C. The released glycans were cleaned from 

residue peptides/proteins using C18 SPE column. N-glycans were labeled and reduced overnight 

at 37°C with either 108 mg/mL Procainamide-HCl, 54 mg/mL 2-AA, or 54 mg/mL 2-AB, along 

with 63 mg/mL sodium cyanoborohydride in DMSO/acetic acid (7:3 by volume). The labeled 

glycans were desalted using a Mini Trap G-10 size exclusion column then dried via speedvac.  

HILIC-MS/MS Settings and Instrumentations  
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The samples were run on an HP1100 Agilent – Synapt G2 using Halo Penta-HILIC 

column (Advanced Material Technology, 2.1 mm x 15 cm, 2.7 µm particle size, Wilmington, 

DE). The separation was done at a flowrate 0.2 mL/min at 60°C with mobile phase A and B 

consisting of 100% ACN/0.1% formic acid and 50 mM ammonium formate in water with 0.1% 

formic acid, respectively.  The gradient started at 80% ACN and ramped down to 40% ACN over 

40 minutes. The mass spectrometer acquired data using data dependent acquisition where the 5 

most intense ions from each full mass spectrum were chosen for fragmentation using collision-

induced dissociation (CID). The data collected was analyzed via Masslynx and Skyline.  

Results and Discussion 

Identification of released N-glycan with different labels 

The characterization of N-glycans was done using HILIC-MS/MS. There were minimal 

differences in the detected N-glycans released from IgG2 (Frankenmab) and IgG4 (Natalizumab) 

when labeled with different tags. However, significant differences in the glycan profiles were 

observed for the detected N-glycans release from human serum IgG (Figure 3.1C). While sample 

labeled with Procainamide (ProA) have 25 glycans detected, sample labeled with 2-

aminobenzoic acid (2AA) or 2-aminobenzamide (2AB) only have 15 glycans observed (Figure 

3.1C). Glycans tagged with 2-AA or 2-AB have an overall lower signal intensity compared to 

those labeled with ProA. This resulted in the inability to detect low abundance N-glycans on 

samples derivatized with 2-AA or 2-AB. The carboxyl group in 2-AA structure tends to lose 

proton and 2-AB is a neutral aromatic amide that lacks strongly ionizable group, which leads to 

low ionization efficiency for specied labeled with 2-AA/2-AB in ESI positive mode. The 

structure of ProA benefits from the tertiary amide group that allows better protonation and higher 

detection abilities for low abundance species. The reduction of signals impacts the number of 
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glycans being detected and can cause different results in N-glycan quantitation. The more 

complicated the sample such as human serum IgG, the greater the impact.  

The impact of charged state selection on N-glycan quantitation using Mass Spectrometry 

Doubly charged state  

Doubly charged state was initially chosen as the main charged state for relative 

quantification of N-glycans. The relative quantitation for samples labeled with different tags 

were calculated by using equation 3.1. The relative ratio (%) in Figure 3.2 shows that ProA-

labeled samples tend to produce more neutral glycans with significantly high relative ratios 

detected. However, charged glycans have a higher relative ratio in the samples labeled with 2AB 

and 2AA. Differences in chemical structure of each tag can lead to changes in ion efficiency, 

which suggested the favoritism in producing different charged state species for each tag. The 

lack of inclusion for variety charged states in quantification can result in the observed 

dissimilarities in N-glycan relative ratios. This has led to additional evaluation of species other 

than doubly protonated ions.  

Multiple charged state 

Multiple protonated charged states were chosen including M+H, M+2H and M+3H. It is 

crucial to note that some singly charged glycans with mass larger than 2000Da were not scanned 

due to the setting of the experiments, which can impact the relative ratio (%) for larger N-

glycans. Despite limitation in data acquisition, the sum of multiple charged states has helped to 

decrease the differences in relative ratio on different labels (Figure 3.3). A big shift was detected 

in the relative quantitation of glycans labeled with 2-AA/2-AB (Figure 3.3), indicating the 

favoritism in different charged state for each tag. The structures of both 2-AA and 2-AB lack 

proton affinity and can struggle to consistently uptake two protons during ionization, therefore, 



 

27 

considering one charged state for quantitation led to inaccurate quantitative results. A high 

abundance of sodium adduct was observed and could potentially affect the results. This led to 

additional examinations on the impact of sodium adducts in glycan quantification.  

Sum of multiple charged state and sodium adducts 

The carboxyl group of 2-AA and the tertiary amine group in ProA are prone to take up 

sodium during ionization and expected to have high tendency in producing sodium adducts. 

While M+H+Na species were detected for all tags, ProA-tagged glycans were found to also 

produce M+H+2Na and M+2H+Na species. Sodium adducts were considered for the quantitation 

includes M+H+Na, M+H+2Na, and M+2H+Na. Improvement of relative ratios (%) was detected 

by using the sum of peak areas from multiple charge states and sodium adducts, but differences 

in glycan ratio were still observed amongst samples with different labels. This indicates biased 

quantitative results can happen when different labels are used for the quantification of N-glycan 

in LC-MS.  

Conclusion 

Different factors in quantitation of N-glycans in LC-MS were evaluated and found that 

quantitative results of glycans are driven by the chosen labels. Three popular fluorescent tags 

were chosen to examine whether the quantification of N-glycans in MS can be significantly 

impacted when using different tags. Each fluorescent tag has distinct chemical properties and can 

affect the ionization efficiency in mass spectrometry, which essentially changes the limit of 

detection. The differences amongst the detected glycans were observed to be larger when the 

analyzed sample is complicated and has a large pool of low abundance N-glycans. Another 

factor that also affects the quantitative result is the charged state selection for quantitation. The 

favoritism in charged state production is varied amongst different tags as they are tied to the 
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ability of the tag to uptake proton during ESI positive mode collection. The study has found that 

multiple charged species as well as adduct ions should be considered during quantitation to help 

provide a more accurate result.  

  



 

29 

Equation 3.1 Calculation of Relative Quantitation 

Relative ratio (%) = 
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 [𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑙𝑦𝑐𝑎𝑛]

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 [𝑎𝑙𝑙 𝑔𝑙𝑦𝑐𝑎𝑛𝑠]
×100% 
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Figure 3.1 HILIC analysis of N-glycans released from (A) IgG2 (Frankenmab), (B) IgG4 

(Natalizumab), and Human Serum IgG (C) when labeled with ProA, 2-AA, and 2-AB.  

  

ProA: 15 glycans 2-AA: 15 glycans 2-AB: 15 glycans (A) 

ProA: 9 glycans 2-AA: 8 glycans 2-AB: 8 glycans (B) 

ProA: 25 glycans 2-AA: 15 glycans 2-AB: 15 glycans 
(C) 
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Figure 3.2 The relative quantitation of doubly protonated glycans. The results demonstrate the 

differences in relative ratio (%) of N-glycans detected in (A) IgG2 (Frankenmab), (B) IgG4 

(Natalizumab), and Human Serum IgG (C) when labeled with ProA, 2-AA, and 2-AB.  
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Figure 3.3. The relative quantitation of multiple protonated species, including M+H, M+2H, and 

M+3H. The variation in the relative ratios (%) of N-glycans with different labels detected in (A) 

IgG2 (Frankenmab), (B) IgG4 (Natalizumab), and (C) human serum IgG was reduced when 

multiple charge states were included in the calculation. 
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Figure 3.4. The relative quantitation of glycans calculated via the peak area of multiple 

protonated species and sodium adducts, including M+H+Na, M+2H+Na, and M+H+2Na. The 

variation in the relative ratios (%) of N-glycans with different labels detected in (A) IgG2 

(Frankenmab), (B) IgG4 (Natalizumab), and (C) human serum IgG did not change significantly. 
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CHAPTER 4 

SEPARATION OF N-GLYCAN ISOMERS VIA HILIC, ION MOBILITY AND MASS 

SPECTROMETRY 
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Abstract 

N-glycans have different types of isomers where they only differ by their linkage, 

anomeric, or stereochemical. Some of these isomers are difficult to differentiate using only mass 

spectrometry approaches. The use of additional analytical techniques is necessary to provide a 

more complete picture of complex N-glycan samples. Hydrophilic interaction liquid 

chromatography (HILIC) is a popular technique in glycan study that can effectively separate 

isomers such as α-2,6-sialylated from α-2,3-sialylated glycans, which are known as challenging 

linkage isomeric group for mass spectrometers. This study demonstrates the ability of HILIC-

MS/MS in identifying different groups of glycan isomers. Separations were achieved between 

Neu5Ac-(α2-3/6)-Gal glycans, Neu5Ac-(α2-6)-GlcNAc glycans, and Neu5Gc-(α2-3/6)-Gal 

glycans, indicating the power of HILIC in differentiating complex linkage isomers. Study also 

found that HILIC can distinguish triantennary N-glycan from its positional isomer consisting of a 

bi-antennary glycan with a Gal-(β1-4)-GlcNAc extension on one of the antennae (polyLacNAc 

glycan). The observation of new separations implies HILIC is a great complementary dimension 

for mass spectrometry in isomeric separation. The resolving power of HILIC-MS was further 

improved by the addition of Ion mobility spectrometry (IMS). The separation of IMS provided 

additional resolution of possible unresolved isomers that complement the performance of HILIC-

MS. Unique fingerprints were collected from IMS for each glycan species, suggesting an 

additional dataset that can be paired with retention time from HILIC, and m/z data from MS to 

increase efficiency and accuracy in identifying complex isomers. In the future, studies can be 

done on HILIC-IMS-MS system to explore its full potential in the analysis of complex N-glycan 

isomers. 

  



 

36 

Introduction 

Changes in N-glycan isomers are known to be involved in numerous diseases. Sialic 

acids are typically connected at the non-reducing end of a glycan, which exposes the intact sialic 

acid to the surrounding environment and promotes their participation in biological processes 

including cancerogenesis. 52, 53 N-acetylneuraminic acid (Neu5Ac) is the most abundance sialic 

acid found in mammals.153 Abnormal increase in abundancy of α2,6-linkages Neu5Ac N-glycan 

was found in cancerous cells and was proposed as a potential biomarker for tumor progression 

diagnosis.26, 27 N-glycolylneuraminic acid (Neu5Gc) is also a common sialic acid in animals but 

human lacks the ability to make Neu5Gc due to the absence of cytidine-5′-monophospho-N-

acetylneuraminic acid (CMP-Neu5Ac) hydroxylase enzyme.154 Research in biotherapeutics 

suggests that Neu5Gc is a potential immunogenic species to humans.52, 57, 155 Another case of N-

glycan involve in human diseases was found in the overexpression of the poly-N-

acetyllactosamine (polyLacNAc) modifications.28, 29 Poly-N-acetyllactosamine (polyLacNAc) 

describes the repetition of a disaccharides unit composed of Gal-(β1-4)-GlcNAc on a glycan 

antenna.54 Overexpression of polyLacNAc is associated with the progression of cancer tumors 

and plays a crucial role in enabling tumor cells to evade immune host response.29 The relevant of 

N-glycan isomers in many diseases has made the analysis of N-glycan isomers become an 

important task in the biotherapeutic industry.  

Hydrophilic Interactions Liquid Chromatography (HILIC) is a popular technique that 

complements mass spectrometry (MS) in glycomics study.151, 156, 157 HILIC was introduced by 

Alpert in 1990122 as a variant of normal phase where the separation mechanism involves partition 

mechanism (hydrogen bonding), ionic and dipole-dipole interaction. Alpert suggested that the 

partition mechanism plays a significant role in the retention of carbohydrates such as N-glycan in 
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HILIC.122 The stationary phase of HILIC retains a semi-immobilized layer of mobile phase 

enriched with water. The retention of carbohydrates is described to partition between the semi-

immobilized layer and the organic mobile phase.122 The separation of N-glycans on HILIC is 

referred as “size fractionation” indicating the larger the glycan, the later it elutes.10 N-glycan 

studies have demonstrated the ability of HILIC in resolving challenging linkage isomers such as 

Neu5Ac-(α2,3)-Gal and Neu5Ac-(α2,6)-Gal.151 HILIC completements MS and improves the 

identification of N-glycans released from different complex matrices such as human serum151, 157 

and monoclonal antibodies.158, 159 This study combines HILIC with tandem mass spectrometry 

(MS/MS) for the analysis of released N-glycan from fetuin bovine and Chinese Hamster Ovary 

(CHO) cell pellets. Exciting glycan isomeric resolutions were observed for the first time, 

indicating the resolving power of HILIC in isomeric separation.  

Multidimensional systems have gained significant attention due to the ability in enabling 

high efficiency and resolution in glycans analysis.160, 161 While HILIC is a powerful method that 

complements mass spectrometry in the glycan study, the use of one separational dimension limits 

the identification of some complex isomers that require a higher resolving power system. Ion 

Mobility Spectrometry (IMS) is a gas-phase separational technique that separates analytes via 

their movement in gases under the influence of electric field.123, 162 The separation in IMS 

happens on a millisecond timescale, which can be readily paired with LC-MS system without 

compromising time efficiency. Some common IMS platforms include drift tube ion mobility 

spectrometry (DTIMS), traveling wave ion mobility spectrometry (TWIMS), Trapped Ion 

Mobility Spectrometry (TIMS), Field asymmetric waveform ion mobility spectrometry 

(FAIMS), and differential mobility spectrometry (DMS).123 A high-resolution cyclic travelling-

wave ion mobility using structures for lossless ion manipulations (SLIM) has been introduced 
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where it employs a 13m path length with traveling wave to induce movement and separate 

ions.131, 133, 163 The extra-long path is one of the unique features of SLIM that enables high 

resolving power to separate complex isomers. Glycan studies utilized SLIM to separate 

positional isomers such as A2G1(α1-6)/A2G1(α1-3)131 or A1G0(α1-6)/A1G0(α1-3),163 

demonstrating the resolving potential of high resolution ion mobility in differentiating complex 

glycan isomers. Herein, SLIM was combined with HILIC-MS to evaluate the ability of IMS in 

N-glycan analysis.  

Materials and method 

Materials 

CHO cell pellets were obtained from GlycoScientific (Athens, GA, USA). Fetuin bovine, 

procainamide hydrochloride, dextran, acetic acid, and dimethyl sulfoxide (DMSO) were 

purchased from Sigma. Sodium cyanoborohydride was purchased from Acros Organics. 

PNGaseF was purchased from Lectenz Bio. Denaturing buffer and NP40 were purchased from 

New England Biolabs (Ipswich, MA, USA). PD MiniTrap G10 was purchased from Cytiva. 

HyperSepTM C18 Cartridge was purchased from ThermoFisher. Ammonium bicarbonate, 

ammonium formate and formic acid were purchased from Fluka. Acetonitrile (LCMS graded) 

was purchased from Honeywell Buldrick and Jackson and Sigma-Aldrich.  

N-glycan released from protein/antibodies 

1 mg of fetuin were resuspended in 50 mM ammonium bicarbonate. Sample were 

denatured with 4 µL of denature buffer (40 mM DTT, 0.5% SDS) at 100°C in 12 minutes. The 

denatured proteins were put in the freezer for 5 minutes and 4 µL of 1% NP-40 was added to 

avoid deactivation of PNGaseF from residue heat and inhibitory effect of SDS.  Then, 4 µL of 
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PNGaseF was added to the sample and incubated at 37°C. After 16-20 hours, the sample was 

collected and lyophilized to dryness.  

N-glycan released from cell pellets 

100-10 million CHO cells were homogenized in 50 mM ammonium bicarbonate by 

passing through pipet tips. Samples were then sonicated in an ice bath by a probe sonicator for 

15 seconds (sonicator power of 3 units) with 4 time repeat and a break time of 15 sec in between 

each sonication. 2 µL of dissolved cell pellet were taken out for A280 nanodrop. After 

determination of protein concentration, the samples were denatured at 100°C for 12 minutes 

using 8-10 µL of denature buffer (40 mM DTT, 0.5% SDS). The denatured samples were chilled 

in the freezer for 5 minutes followed by the addition of 4-6 µL 1% NP-40 and 4-6uL of 

PNGaseF. Samples were then left in the incubator at 37°C for 16-20 hours to release N-glycan 

from peptide backbone. After incubation, the samples were lyophilized to dryness.  

N-glycan purification and Procainamide (ProA) label  

To clean up peptides and undigested proteins, the N-glycan released samples were 

resuspended in 200 µL 5% acetic acid and ran through C18 SPE column (conditioned with 6mL 

100% methanol and calibrated with 5% acetic acid). The hydrophobic peptide and protein 

remained in the C18 SPE column. Hydrophilic N-glycans eluted to the collection tube. The 

purified N-glycans were lyophilized to dryness. The labeling solution was prepared with 216 

mg/mL procainamide-hydrochloride and 126 mg/mL sodium cyanoborohydride in 7:3 

(DMSO/acetic acid) solution. Approximately 200 µL labeling solution was added to fetuin 

sample and 400-600uL was added to CHO cell sample. The mixtures were incubated at 37°C 

overnight. After reduction and labeling, 100 µL Acetone was added to each sample to quench the 

reaction at 65°C for 30-60 minutes. The samples were dried down and resuspended in 140-200 
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µL 5% acetic acid. Excess labeling reagents were cleaned up via size exclusion PD Mini trap 

G10 column. The collected fractions were lyophilized and stored in freezer ready for LC-MS or 

LC-IMS-MS analysis.  

HILIC-MS/MS Settings and Instrumentations  

The samples were run on an HP1100 Agilent – Synapt G2 using Halo Penta-HILIC 

column (Advanced Material Technology, 2.1 mm x 15 cm, 2.7 µm particle size, Wilmington, 

DE). The separation was done at a flowrate of 0.2 mL/min at 60°C with mobile phase A and B 

consisting of 100% ACN with 0.1% formic acid and 50 mM ammonium formate in water with 

0.1% formic acid, respectively.  The gradient started at 80% ACN and ramped down to 40% 

ACN over 40 minutes. The mass spectrometer acquired data using data dependent acquisition 

where the 5 most intense ions from each full mass spectrum were chosen for fragmentation using 

collision-induced dissociation (CID). The data collected was analyzed via Masslynx and Skyline.  

HILIC-IMS-MS Settings and Instrumentations 

The samples were run on an Agilent 1290 Infinity II with Agilent 6546 Q-TOF using 2.1 

mm x 15 cm, 2.7 µm particle size Halo Penta-HILIC column. Mobile phase and gradient of 

HILIC was kept similar to the HP1100 Agilent LC condition to guarantee consistency in 

separations. After HILIC separation, the analytes were introduced into the IMS-MS system 

where ions were generated by the Dual AJS ESI provided by Agilent (Santa Clara, CA) with the 

recommended settings for N-glycan ionization.164 Upon entering the SLIM module, the ions 

were filled in storage section and then released into a single-pass path length of 13 m.131-133 The 

Travelling Wave (TW) potentials weres generated between electrodes on two parallel printed 

circuit boards to propel the ions through N2 drift gas.131-133 The settings for the TW potentials 

were based on the recommended parameter from the provider (MOBILion Systems Inc., Chadds 
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Ford, PA) with minimal optimization. The mass spectra were obtained using MS (seq) 

acquisition settings in the Agilent 6546 Q-TOF (Agilent, Santa Clara, CA).  

The collected data was processed via HRIM Data Processor prior to analysis using 

Agilent MassHunter IM-MS Browser, and Skyline. Dextran was used as the external calibrant 

for collision cross section (CCS) calculation and the drift tube CCS of procainamide labeled 

dextran was extracted from reference data of Manz et al.165 The CCS calculation was based on 

the method described by Li et al.166 

The naming of N-glycans mentioned in this study follows a notation system where Ax is 

the number of antennae, Gy is number of Galactoses attached to antenna GlcNAc, and Fz is 

number of Fucoses linked to the core GlcNAc. Sialylated glycans are denoted with (Neu5Ac)m 

or (Neu5Gc)n where m/n represents the number of Neu5Ac/Neu5Gc linked to either antenna Gal 

(α2-3/α2-6) or antenna GlcNAc (α2-6-GlcNAc or α2-3-GlcNAc). Poly-N-acetyllactosamine 

glycans is describe by (Lac)t where t represents every Gal-(β1-4)-GlcNAc disaccharides 

repeated.   

Results and Discussion 

The need for a secondary dimension in N-glycan analysis using MS 

Glycans exist in isomeric mixture that have identical mass and generate similar fragment 

ions patterns, making it difficult to identify these species using only mass spectrometry.  N-

glycans with Neu5Ac-(α2,3)-Gal and Neu5Ac-(α2,6)-Gal linkage have identical mass and often 

produce similar fragment ion patterns. The tandem mass spectrum of A3G3(Neu5Ac)1 released 

from fetuin bovine (Figure 4.1) was collected with the attempt to differentiate α2,3- and α2,6-

Neu5Ac glycans through unique fragment ions. The result showed that most of the fragment ions 

were similar between two mass spectrums, and it was impossible to identify α2,3- and α2,6-



 

42 

sialylated species. This signifies the need for a secondary dimension to assist in the analysis 

process.  

Neu5Ac-linked N-glycan Isomers Identification via HILIC-MS/MS 

Glycoforms of fetuin is well-known for the variety of Neu5Ac-(α2-3/6)-Gal N-glycans in 

bi- and tri-antennary structures. Besides the known existence of Neu5Ac-(α2-3/6)-Gal N-

glycans, a study from Townsend et al in 198930 reported the existence of glycan containing 

Neu5Ac-(α2-6)-GlcNAc linkage in fetuin and successfully resolved these sialylated glycans via 

high pH anion exchange chromatogram (HPAC). HPAC is incomparable to mass spectrometry 

due to high salt concentration in mobile phase, which limited its usage in modern study.13 While 

the separations between Neu5Ac-(α2-3)-Gal and Neu5Ac-(α2-6)-Gal glycans were achieved in 

different liquid chromatography modes paired with mass spectrometry,151, 167 there is no report 

on the resolution of glycans containing Neu5Ac-(α2-6)-GlcNAc linkage.  

A study was conducted to resolve both Neu5Ac-(α2-3/6)-Gal glycans and Neu5Ac-(α2-

6)-GlcNAc glycans using a fuse-core penta-HILIC column from Advanced Materials 

Technology (AMT). N-glycans were released from fetuin and tagged with Procainamide (ProA) 

prior to HILIC-MS/MS experiments. The extracted ion chromatogram (EIC) of A3G3(Neu5Ac)3 

showed a total of seven chromatographic peaks (Figure 4.2A.). Using previously published 

data151 and confirming with tandem mass spectrum, chromatographic peak at 30.70 min, 31.38 

min , 31.94 min, and 32.70 min was giving rise toNeu5Ac-(3 α2-3)-Gal, Neu5Ac-(2 α2-3, 1 α2-

6)-Gal, Neu5Ac-(1 α2-3, 2 α2-6)-Gal, and Neu5Ac-(3 α2-6)-Gal species, respectively. A unique 

fragment ion of Neu5Ac-Gal-GlcNAc-Neu5Ac (m/z = 948) was detected in the tandem mass 

spectrum at peak 31.06 min, and 31.56 min (Figure 4.3), suggesting the existence of Neu5Ac -

(α2-6)-GlcNAc glycans. The identity of the species giving species to peak 31.06 min, 31.56 min, 
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and 32.08 min were identified based to the reported data of Townsend et el30, HILIC elution 

rules, and fragment ions detected in tandem mass spectrometry. The fully assigned EIC of the 

seven chromatographic peaks of A3G3(Neu5Ac)3 in Figure 4.2B is one of the first evidence that 

HILIC can resolve simultaneously both Neu5Ac-(α2-3/6)-Gal species and Neu5Ac-(α2-6)-

GlcNAc species in one experimental run, indicating the power of HILIC in the study of N-glycan 

isomers. 

Neu5Gc-linked N-glycan Isomers Separation via HILIC-MS/MS 

The detection of Neu5Gc species in fetuin was performed using HILIC-MS/MS. HILIC 

was demonstrated to successfully distinguish (α2-3/α2-6) Neu5Gc species from (α2-3/α2-6) 

Neu5Ac glycan (Figure 4.4).  A HILIC retention time model was previously built, where the 

HILIC retention rules of Neu5Ac and Neu5Gc linkages are described as follow: Neu5Ac-(α2-3)-

Gal < Neu5Ac-(α2-6)-Gal < Neu5Gc-(α2-3)-Gal < Neu5Gc-(α2-6)-Gal.168 The model suggests 

that glycans with combination of Neu5Gc-(α2-3-Gal)Neu5Ac-(α2-6-Gal) or (Neu5Gc-α2-6-

Gal)(Neu5Ac-α2-3-Gal) have overlap retention time and cannot be differentiate via HILIC.168 

The linkage identification of Neu5Gc glycans were based on the studied elution rule of Neu5Gc 

on HILIC (Figure 4.4A). Achieving the separation of Neu5Gc and Neu5Ac glycan indicates the 

power of HILIC in differentiating complex profile of sialylated glycans, which are crucial 

glycans in drugs development169 and cancer diagnosis.26, 27   

 PolyLacNAc N-glycan Isomer Separation via HILIC-MS/MS   

Chinese Hamster Ovary (CHO) cells is a popular cell line in the production of 

monoclonal antibodies (mAbs) in the pharmaceutical industry.32, 33 The existing glycoproteins in 

CHO cells dictate the glycoforms pattern on the synthesized monoclonal antibodies and can 

impact the quality of the product line.32, 33 The study of glycomics in CHO cells allows better 
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understanding of the N-glycans patterns to help avoid potential adverse effects from unpredicted 

N-glycans in biotherapeutic products.  

A glycan study of CHO cells was conducted via HILIC-MS/MS using the fuse-core 

penta-HILIC column from AMT. While the identity of most N-glycans released from CHO cells 

were straightforward for confirmation, the EIC of A3G3(Neu5Ac)1F unexpectedly showed two 

resolved chromatographic peaks (Figure 4.5A). CHO cells cannot product α2-6 sialylated 

glycans and the EIC of A3G3(Neu5Ac)1F(1 α2-3-Gal) was expected to only have one resolved 

peak representing A3G3(Neu5Ac)1F(1 α2-3-Gal) species.170, 171 Tandem mass spectrum was 

collected for both peaks to help confirm whether there is an additional isomer from 

A3G3(Neu5Ac)1F that has not been studied. The tandem mass spectrum at 25.4 min (Figure 

4.5B) illustrates a normal pattern of a tri-antennary N-glycan, indicating A3G3(Neu5Ac)1F(1 

α2-3-Gal) were the species giving rise to the peak at 25.4 min. A unique fragment ion of 

Neu5Ac-Gal-GlcNAc-Gal (1022.4 m/z) was detected in the tandem mass spectrum at 25.6 min 

(Figure 4.4C), which suggests the species giving rise to the peak at 25.6 min is a polyLacNAc 

glycan called A2G2(Lac)1(Neu5Ac)1F(1 α2-3-Gal). This indicates that HILIC can separate 

normal antenna glycans from their polyLacNAc isomer. The overexpression of PolyLacNAc 

glycans is known to be associated with tumor progression and has been suggested as a diagnostic 

pattern in clinical.28, 29 PolyLacNAc glycans are mainly detected through their abnormal large 

mass. The newly discovered ability of HILIC in detecting small PolyLacNAc glycans imply 

HILIC is a great toolbox to detect abnormal growth activity in cells in the early stage.  

Increasing Resolving Power with Ion Mobility: HILIC-IMS-MS  

N-glycans released from CHO cells were run on HILIC-IMS-MS to evaluate the 

resolving power of IMS. N-glycans exist in isomeric mixtures with possible co-existence of 
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some positional isomers that require high resolution technique to separate. While HILIC can 

distinguish A2G2(LacNAc)1(Neu5Ac)1F(1 α2-3-Gal) and A3G3(Neu5Ac)1F (1 α2-3-Gal) 

glycan, there are possible co-existing positional isomers from these two species that were not 

distinguish via HILIC. An example of some possible positional tri-antenna isomers of 

A3G3(Neu5Ac)1F (1 α2-3-Gal) are described in Figure 4.6.  The mobiligrams of both 

A2G2(LacNAc)1(Neu5Ac)1F and A3G3(Neu5Ac)1F (1 α2-3-Gal) species were retrieved in 

Figure 4.7 to evaluate whether IMS can resolve additional positional isomers. The ion mobility 

trace of the A3G3(Neu5Ac)1F (1 α2-3-Gal) glycan appears to have two resolved peaks at 527.2 

Å² and 533.9 Å² (Figure 4.7A), suggesting the possible resolution of the positional tri-antenna 

isomers (Figure 4.6) and other unpredicted isomers. A distinct fingerprint was also observed 

from the ion mobility trace of A2G2(LacNAc)1(Neu5Ac)1F (1 α2-3-Gal) glycan with four 

resolved peaks at 528.9 Å², 533.5 Å², 541.3 Å², and 547.4 Å² (Figure 4.7B), indicating signs of 

positional isomers separation achieved by IMS. While the resolution observed reveals the ability 

of IMS in resolving challenging isomers that HILIC was not able to differentiate, it is also 

crucial to consider the possibility that the additional signals detected could be experimental 

artifacts. To accurately characterize the identity of the resolved peaks in IMS remains a 

challenging task, the unique fingerprint collected from A3G3(α2-3)(Neu5Ac)1F (1 α2-3-Gal) 

and A2G2(LacNAc)1(Neu5Ac)1F (1 α2-3-Gal) species suggested that ion mobility traces can be 

used an additional identification data for N-glycan analysis. This preliminary data of HILIC-

IMS-MS showed that ion mobility is a great addition to the system where researchers can benefit 

from the high resolving power to uncover complex glycan profiles.  

Conclusion 
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HILIC-MS/MS system has successfully achieved resolution for challenging isomers 

including sialylated complex glycans and PolyLacNAc species. HILIC was demonstrated as a 

powerful separational dimension that complements mass spectrometry in the analysis of N-

glycans. However, the resolving power of HILIC-MS is only limited to one separational 

dimension. High resolution ion mobility was added as a complementing dimension for HILIC-

MS system. The addition of ion mobility not only resolves possible undetected isomers from 

HILIC analysis but also provides unique fingerprints for each species without compromising 

HILIC separation efficiency. Future study can be done on HILIC-IMS-MS to fully explore the 

potential of this multidimension system.  
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Figure 4.1 The tandem mass spectrum of (A) A3G3(Neu5Ac)1(1 α2-6-Gal) (M+2H m/z = 

1258.99) and (B) A3G3(Neu5Ac)1(1 α2-3-Gal) (M+2H m/z = 1258.99), demonstrating the 

tendency to produce similar fragment ions in sialylated isomers. The similarity in fragment ion 

patterns makes the distinguishment between (α2-6)- and (α2-3) sialylated glycans difficult. 
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Figure 4.2 The unassigned EIC at 1550.9 (M+2H) of A3G3(Neu5Ac)3 (A) and the fully assigned 

EIC of A3G3(Neu5Ac)3 (B). N-glycans were identified using Townsend et al data,30  HILIC 

retention rules, and tandem mass spectrometry. The full assigned EIC is one of the first evidences 

showing on the ability of HILIC to simultaneously separate Neu5Ac-(α2-3/6)-Gal species and 

Neu5Ac-(α2-6)-GlcNAc species. 
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Figure 4.3 The tandem mass spectrum (A) 31.06 min and (B) 31.56 min from the EIC of 

A3G3(Neu5Ac)3 in figure 4.2. Besides the usual Neu5Ac-Gal-GlcNAc fragment ion (m/z = 657) 

found sialylated glycans, a unique fragment ion of Neu5Ac-Gal-GlcNAc-Neu5Ac (m/z = 948) 

were observed in both mass spectrums. This suggests the existence of Neu5Ac-(α2-6)-GlcNAc 

glycans. 
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Figure 4.4 The EICs of (A) A3G3(Neu5Ac)1(Neu5Gc)1 (M+3H m/z = 942.02), (B) 

A3G3(Neu5Ac)2 (M+3H m/z = 936.68), (C) A3G3(Neu5Gc)1 (M+3H m/z = 844.99), and (D) 

A3G3(Neu5Ac)1 (M+3H m/z = 839.66). The linkage identification of Neu5Gc/Neu5Ac glycans 

is based on the HILIC retention behavior previously studied. The EICs show that HILIC can 

comfortably separate Neu5Gc and Neu5Ac glycans, but HILIC is unable to differentiate glycans 

with mixture of Neu5Gc-(α2-3)Neu5Ac-(α2-6) or (Neu5Gc-α2-6-Gal)(Neu5Ac-α2-3-Gal) (panel 

B). 
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Figure 4.5 The EIC at M+2H m/z = 1332.03 of the A3G3(Neu5Ac)1F glycan and the tandem 

mass spectra of the two detected chromatographic peaks. The two resolved chromatographic peaks 

suggests an existence of an additional isomer other than the predicted A3G3(Neu5Ac)1F(1 α2-3-

Gal) species. The tandem mass spectrum of A3G3(Neu5Ac)1 at (B) 26.6 min and (C) 27.3 min 

were collected. While the tandem mass spectrum at (B) 26.6 min demonstrates a normal fragment 

ions pattern for the A3G3(Neu5Ac)1F glycan, the species giving rise to the peak at 27.3 min 
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generate a unique fragment ion of Neu5Ac-Gal-GlcNAc-Gal-GlcNAc indicates the existence of a 

polyLacNAc glycan called A2G2(Lac)1(Neu5Ac)1F.  
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Figure 4.6. Possible positional isomers of A3G3(Ne5Ac)1F (1 α2-3-Gal) that is not a polyLacNAc 

species.  
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Figure 4.7 The mobiligrams of (A) A3G3(Neu5Ac)1F (1 α2-3-Gal) glycan and (B) 

A2G2(LacNAc)1(Neu5Ac)1F (1 α2-3-Gal) glycan. A unique fingerprint in IMS was detected for 

the mobiligram of the A3G3(Neu5Ac)1F (1 α2-3-Gal) glycan, which has two resolved peaks at 

526.6 Å² and 534.3 Å².  The two resolved peaks suggest possible resolutions from two of the 

positional tri-antenna isomers described in Figure 4.6. A different fingerprint with four peaks at 

528.7 Å², 533.5 Å², 539.9 Å², and 546.5 Å² was observed for the ion mobility trace of 

A2G2(LacNAc)1(Neu5Ac)1F (1 α2-3-Gal) glycan, indicating the ability of IMS to possible 

resolve unpredicted isomers of this species. Two distinct ion mobility traces from panel A and B 
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provide unique fingerprint for each glycan species, which can be used as an identification data in 

glycan detection. 
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CHAPTER 5 

USING HIGH RESOLUTION ION MOBILITY FOR THE SEPARATION OF α-GAL 

CONTAINING GLYCANS FROM THEIR NON- α-GAL ISOMERS 
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Abstract 

Serve allergic reactions can occur from administering biotherapeutics containing the 

carbohydrate antigen galactose-α-1,3-galactose (α-Gal). The detection of α-Gal containing N-

glycans is a challenging task due to the presence of non-α-Gal containing isomers. This study 

evaluates the ability of different analytical approaches to detect an -Gal glycan in the presence 

of a non-−Gal isomer.  Cetuximab is known to have N-glycans containing α-Gal and was 

chosen for the study. N-glycans released from Cetuximab were analyzed using the HILIC-

MS/MS system. HILIC-MS/MS successfully separated and identified α-Gal species when the 

Galactose number exceeds the antenna number. However, this system could not identify α-Gal 

species when the Galactose number equals the antenna number. Ion Mobility Spectrometer 

(IMS) was also evaluated and found to resolve isomeric a-gal/non-a-gal isomeric glycans.  The 

study demonstrates the utility of the IMS-MS system to detect immunogenic glycans in the 

presence of their non-α-Gal isomers. 
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Introduction 

Adverse consequences are observed in patients receiving biotherapeutics, such as a 

monoclonal antibody (mAb), possessing non-human glycans. 6-9An example is the administration 

of biotherapeutic products carrying Gal-α1-3Gal (α-Gal) glycans, which can lead to severe 

allergic reactions since humans lack an enzyme to synthesize α-Gal containing glycans. The first 

report of α-Gal immunogenicity was a clinical study among patients who administrated 

Cetuximab for metastatic colorectal cancer or squamous-cell carcinoma of the head/ neck 

treatment.34 The study found that a novel IgE antibody (Ab) was directed against the existence of 

α-Gal glycans in Cetuximab and put patients at risk for hypersensitivity reactions.34  

Detecting α-Gal glycans is a challenging task that requires high-resolution analytical 

methods. The structures of α-Gal and non-α-Gal N-glycans can be described using the following 

notation system: Ax represents the number of antennae, Gy is number of Galactoses attached to 

antenna GlcNAc, Fz is number of Fucoses linked to the core GlcNAc (Fz), and the number of 

existing α-Gal linkages is expressed as (α-Gal)w. An example of the N-glycan notation 

describing a species containing two antennae, one Galactose attached to antenna GlcNAc, one 

core Fucose, and one α-Gal linkage is A2G1(α-Gal)1F. Mass spectrometry (MS) is a highly 

sensitive tool that has been coupled with separational techniques to enhance the separation of α-

Gal glycans in biotherapeutics.13, 172-174 However, glycans often exist as isomeric mixtures, which 

makes them indistinguishable by only mass spectrometry. For example, A2G1(α-Gal)1F has an 

identical mass to A2G2F, one of the common N-glycans found on biotherapeutic products. 

Capillary electrophoresis (CE)175 was paired with electrospray ionization (ESI) MS in a 

characterization study of α-Gal containing glycans in beef, mutton, and pork tenderloin. 

Although CE-MS successfully provided a profile of α-Gal species found in the tested animal 
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samples, the separation of isomer such as A2G1(α-Gal)1F and A2G2F was not achieved.176  

Hydrophilic Interaction Liquid Chromatography (HILIC) is another popular separational 

technique in glycomics10 that was combined with Fluorescence Detector (FLD) and MS for 

glycoprofilling in Cetuximab expressed from different sources.177 HILIC separation provided a 

detailed characterization of N-glycan species in Cetuximab, but this method fails to separate α-

Gal containing glycans from their non-α-Gal isomers due to the reported coelution of A2G1(α-

Gal)1F with A2G2F, A3G1(α-Gal)1F with A3G2F, and A2G1(α-Gal)1F2 with A2G2F2.177 

Developing an analytical method with high resolving powering remains a crucial need in 

distinguishing α-Gal glycans from their non-α-Gal isomers. 

Ion mobility spectrometry (IMS) is gaining attention as a powerful tool in glycomics 

study.127-130
 One of the first applications of ion mobility in carbohydrate characterization 

demonstrated different drift times for isomers present in  a series of oligosaccharides.127 A Ion 

Mobility approach called Structure for Losless Ion Manipulation (SLIM) provides higher 

resolving power because it uses a 13m separation path, and thus, is capable of resolving 

components of complex isomeric mixtures that cannot be performed on ion mobility 

spectrometers with shorter paths.178, 179 A separation of positional isomers (α1-3/α1-6) from 

A2G1 and A2G1F was achieved with G1(6) arriving earlier than G1(3) via the SLIM device,163 

which suggests SLIM maybe a potential tool for separating α-Gal glycans from their non-α-Gal 

positional isomer.  

This study evaluates the ability of different analytical methods to detect α-Gal N-glycans 

in biotherapeutic drugs. Cetuximab was chosen for this study due to the high abundance of α-Gal 

N-glycan. HILIC combined with tandem mass spectrometry (MS/MS) was initially used for the 

analysis of N-glycan released from Cetuximab, but HILIC-MS/MS struggled to identify 
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A2G1(α-Gal)1F from A2G2F.  The sample was then run by HILIC-IMS-MS. IMS was 

demonstrated to successfully separate A2G1(α-Gal)1F from A2G2F. Exoglycosidase digestions 

were performed to confirm the identity of N-glycan isomers following the observed separation. 

These studies demonstrate the power of HILIC-IMS-MS for the analysis of complex isomeric 

glycan mixtures. 

Materials and Method 

Materials 

Cetuximab was purchased from Eli Lilly (Indianapolis, IN, USA). Human Serum, 

Dextran from Leuconostoc spp (Mr 6000), procainamide hydrochloride, acetic acid, dimethyl 

sulfoxide (DMSO), iodoacetamide and dithiothreitol (DTT) were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). Sodium cyanoborohydride was purchased from Acros Organics 

(Branchbrug, NJ, USA). PNGaseF was purchased from Lectenz Bio (Athens, GA, USA). 

Denaturing buffer and NP40 were purchased from New England Biolabs (Ipswich, MA, USA). 

PD MiniTrap G10 and Hi-Trap™ protein G HP column were purchased from Cytiva 

(Marlborough, MA, USA). HyperSepTM C18 Cartridge was purchased from ThermoFisher 

(Waltham, MA, USA). β1-3,4 Galactosidase (cloned from bovine testis) and α1-3,4,6 

Galactosidase (cloned from green coffee bean and expressed in E. coli) were purchased from 

New England Biolabs (Ipswich, MA, USA). Ammonium bicarbonate, ammonium formate and 

formic acid were purchased from Fluka (Morris Plains, NJ, USA). Acetonitrile (LCMS graded) 

was purchased from Honeywell Burdick and Jackson (Muskegon, MI, USA). Adalimumab was 

purchased from GlycoScientific (Athens, GA, USA). 

N-glycans release from protein/antibody.  
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Human Serum IgGs were purified from human serum using a Hi-Trap™ protein G HP 

column prior to analysis. 1 mg of Cetuximab, 1 mg of Adalimumab (human IgG1), and 1 mg of 

Human Serum IgG were denatured at 100°C for 12 minutes using 4 µL of denaturing buffer (40 

mM DTT, 0.5% SDS). The denatured proteins were put in the freezer for 5 minutes and 4 µL of 

1% NP-40 was added to avoid deactivation of PNGaseF from residue heat and inhibitory effect 

of SDS.  Then, 4 µL of PNGaseF was added to the sample and incubated at 37°C. After 16-20 

hours, the samples were collected and lyophilized to dryness.  

N-glycan purification and Procainamide (ProA) labeling.  

The released N-glycans were resuspended in 200 µL of 5% acetic acid and run through 

C18 SPE column (conditioned with 6 mL of 100% methanol and calibrated with 6 mL of 5% 

acetic acid) to remove residue protein(s). The purified N-glycans were collected and lyophilized 

to dryness. The labeling solution was prepared with 216 mg/mL procainamide-hydrochloride and 

126 mg/mL sodium cyanoborohydride in 7:3 (DMSO/acetic acid) solution. Approximately 200 

µL of the labeling solution was added to the purified N-glycans. The mixtures were incubated at 

37°C overnight. After incubation, 100 µL Acetone was added to quench the reaction at 65°C for 

30-60 minutes. The samples were dried down and resuspended in 140-200 µL of 5% acetic acid. 

Then, excess labeling reagents were cleaned up via size exclusion PD Mini trap G10 column. 

The collected fractions were lyophilized and stored in 100-150 µL of 80% ACN/H2O at -20°C 

ready for analysis.  

Exoglycosidase digestions  

To confirm the existence of α-Gal and β-Gal linkages, 30 µL of N-glycans solution 

released from Cetuximab was divided into two vials (15 µL each) and dried down.  The first vial 

was digested with 5 µL of β1-3,4 Galactosidase (8000 U/mL) and 5 µL of GlycoBuffer (as 
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received) in 45 µL nanopurewater. The second vial was digested with 5 µL of α1-3,4,6 

Galactosidase (8000 U/mL), 5 µL purified BSA (as received), and 5 µL of GlycoBuffer 1 (as 

received) in 40 µL nanopurewater. The digestions were incubated at 37°C overnight. After 

digestion, each reaction solution was lyophilized to dryness and then resuspended in 80% 

ACN/H2O for analysis.  

HILIC-MS/MS Settings and Instrumentations  

The samples were run on HP1100 Agilent – Synapt G2 using Halo Penta-HILIC column 

(Advanced Material Technology, 1.5 mm x 15 cm, 2.7 µm particle size, Wilmington, DE). The 

separation was done at 0.1 mL/min flowrate at 60°C with mobile phase A and B consisting of 

100% ACN with 0.1% formic acid and 50 mM ammonium formate in water with 0.1% formic 

acid, respectively.  The gradient started at 80% ACN and ramped down 40% ACN over 40 

minutes. The mass spectrometer acquired data using data dependent acquisition where the 5 most 

intense ions from each full mass spectrum were chosen for fragmentation using collision-induced 

dissociation (CID). The data collected was analyzed via Masslynx and Skyline.  

HILIC-IMS-MS Settings and Instrumentations 

The samples were run on an Agilent 1290 Infinity II LC – MOBILion SLIM - Agilent 

6546 Q-TOF (MOBILion Systems Inc., Chadds Ford, PA & Agilent, Santa Clara, CA).  

The HILIC separation was achieved using Halo Penta-HILIC column (Advanced 

Material Technology, 1.5 x 150 mm, 2.7 µm particle size, Wilmington, DE). The separation was 

performed at a flowrate of 0.1mL/min at 60°C with mobile phase A and B consisting of 100% 

ACN with 0.1% formic acid and 50mM ammonium formate in water with 0.1% formic acid, 

respectively. The gradient started at 80% ACN and ramped down to 40% ACN over 40 minutes.  
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The analytes were introduced into the IMS-MS system after HILIC separation. Ions were 

generated by the Dual AJS ESI provided by Agilent (Santa Clara, CA) with the recommended 

settings for N-glycan ionization.164 Upon entering the SLIM module, the ions were filled in 

storage section and then released into a single-pass path length of 13 m.131-133 The Travelling 

Wave (TW) potentials were generated between electrodes on two parallel printed circuit boards 

to propel the ions through N2 drift gas.131-133 The settings for the TW potentials were based on 

the recommended parameter from the provider (MOBILion Systems Inc., Chadds Ford, PA) with 

minimal optimization. The mass spectra were obtained using MS (seq) acquisition settings in the 

Agilent 6546 Q-TOF (Agilent, Santa Clara, CA).  

The collected data was processed via HRIM Data Processor prior to analysis using 

Agilent MassHunter IM-MS Browser, and Skyline. Dextran was used as the external calibrant 

for CCS calculation and the drift tube CCS of procainamide labeled dextran was extracted from 

reference data of Manz et al.165 The CCS calculation was based on the method described by Li et 

al.166 

Results & Discussion 

Challenges in Detecting α-Gal Containing N-Glycans 

The characterization of α-Gal containing glycans plays a crucial role to ensure safety in 

drug development, but the analysis becomes challenging in the present of non-α-Gal isomers. 

Cetuximab is known to contain a variety of α-Gal glycans such as A2G2(α-Gal)1F or A2G1(α-

Gal)1F and was used as the positive control for this study. Human Serum IgG and Adalimumab 

(IgG1) do not contain α-Gal glycans and were chosen as negative controls. The detection of α-

Gal glycans can be easily achieved using HILIC-MS when the Galactose number is greater than 

the antenna number i.e., A2G2(α-Gal)1F, A2G2(α-Gal)2F, A3G3(α-Gal)1F, A3G3(α-Gal)2F, 
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A3G3(α-Gal)3F (Figure 5.1). However, the detection becomes significantly challenging when 

the number of Galactose is equal or less than the antenna number, i.e., A2G1(α-Gal)1F vs 

A2G2F. The HILIC-MS analysis shows that HILIC is unable to resolve A2G1(α-Gal)1F and 

A2G2F (Figure 5.2).  

The behavior of α-Gal glycans via tandem mass spectrometry was studied. Human serum 

IgG is a non-α-Gal source and was chosen as one of the negative controls for the study. The 

abundance of (HexNac)1(Hexose)2 (m/z 528) fragment ion was noticeably high in the MS/MS 

spectrum of 1003.9 m/z (A2G2F/A2G2(α-Gal)1F) Cetuximab (Figure 5.3A). The m/z 528 

fragment ion could be indicated as either GalGalGlcNAc or ManGlcNAcGal, hence, the non-α-

Gal species can produce a fragment ion at this m/z value (Figure 5.3B). The abundance of the 

528 m/z fragment ion is expected to vary depending on the ratio of the α-Gal to non-α-Gal 

species thus limiting the dynamic range for detection of the α-Gal species in the presence of its 

non-α-Gal isomer. 

Analysis via HILIC- IMS-MS  

HILIC-MS/MS failed to detect A2G1(α-Gal)1F in the presence of A2G2F, which is one 

of the most common non-α-Gal N-glycans found in antibodies. The addition of another 

separation dimension (High Resolution Ion Mobility) increases the resolving power of the 

system and enables the identification of α-Gal N-glycans in the presence of their non-α-Gal 

isomers.   

Ion mobility traces of 1003.9 m/z (A2G2F) from Human Serum IgG and Adalimumab 

(IgG1) samples have a single peak with the collision cross section (CCS) value of 434.5 Å² ± 0.8 

Å² (Figure 5.4A and 5.4B). The mobiligram at 1003.9 m/z from Cetuximab sample (Figure 5.4C) 

was collected and two distinct peaks were observed with CCS value of 434.5 Å² and 444.6 Å² ± 
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0.8 Å², respectively. The peak at 434.5 Å² from Cetuximab mobiligram (Figure 5.4C) has similar 

shape and identical CCS value as the peak found in both Human Serum IgG and IgG1 

mobiligrams, suggesting that the 434.5 Å² peak results from the A2G2F species. The presence of 

the second peak at 444.6 Å² suggests that an isomer has coelutes with the A2G2F species.  The 

coeluted peak at 444.6 Å² is hypothesized to be A2G1(α-Gal)1F since this was observed in the 

positive control (Cetuximab) but not in the negative sources that lacks -gal glycans.   

Exoglycosidase Digestions  

A series of exoglycosidase digestions were conducted to confirm the identity of the 

species with CCS values of 434.5 Å² and 444.6 Å in 1003.9 m/z mobiligram of Cetuximab 

(Figure 5.5A). N-glycans released from Cetuximab were treated with β1-3,4 Galactosidase. The 

disappearance of the peak at 434.5 Å² (Figure 5.5B) after β1-3,4 Galactosidase digestion 

indicates that both Gal in this glycan are attached by β-linkages. Hence, this species corresponds 

to the expected A2G2F structure. The peak at 444.6 Å² was not affected after the β1-3,4 

Galactosidase digestion, suggesting the existing of an α-Gal linkage that block the cleavage of β-

linkage.  A second experiment was conducted with α1-3,4,6 Galactosidase to confirm the 

presence of α-Gal species with a CCS value of 444.6 Å². The disappearance of this large peak 

after -galactosidase digestion (Figure 5.5C) confirms the presence of an α-Gal linkage and 

identifies this as the A2G1(α-Gal)1F species. The exoglysidase digestions confirmed that IMS 

can separate α-Gal glycans from their non-α-Gal isomers. The exoglysidase digestions revealed 

the ability of IMS to separate α-Gal glycans from their non-α-Gal isomers. 

Conclusion 

This study reveals that IMS can separate α-Gal glycans and its non α-Gal isomer, which 

remains a challenging task in the biopharmaceutical industry. CE and LC are popular 
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separational methods that have been applied to analyze glycans,10, 175 but these traditional 

systems are incapable of resolving these isomers..176, 177 The ion mobility traces from non-α-Gal 

controls were compared to positive α-Gal control and confirmed the existence of an unknown 

glycan species that HILIC could not separate. Exoglycosidase digestions were performed and 

found the existence of an α-Gal containing glycan at the second peak at 444.6 Å² which was 

identified as the A2G1(α-Gal)1F. The HILIC-IMS-MS method used in this paper not only allows 

achievement of α-Gal isomeric separation but also provides three-dimensional data for detailed 

analysis of complex N-glycans from antibody. Future study utilizing HILIC-IMS-MS can 

significantly benefit from both the HILIC retention time data and Ion Mobility data to enable 

high efficiency and accuracy in data analysis.   



 

67 

 

Figure 5.1 HILIC analysis of major N-glycans released from Cetuximab. HILIC can easily resolve 

α-Gal glycans that have a greater Galactose number than the antenna number such as A2G2(α-

Gal)1F, A2G2(α-Gal)2F, A3G3(α-Gal)1F, A3G3(α-Gal)2F, A3G3(α-Gal)3F.  

  



 

68 

 

 

Figure 5.2 Extracted ion chromatograms (EICs) of m/z = 1003.9 from the β1-3,4 Galactosidase 

digested Cetuximab (A), the α1-3,4,6 Galactosidase digested Cetuximab (B), and the control 

Cetuximab (C). The m/z = 1003.9 is the doubly protonated mass to charge of procainamide labeled 

A2G2F2 or A2G2(α-Gal)1F.  The similarity in retention time of these EICs has shown that HILIC-

MS is unable to resolve A2G2(α-Gal)1F and A2G2F. 
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Figure 5.3 The tandem mass spectrum of the precursor ion at m/z = 1003.9 from Cetuximab (A) 

and human serum IgGs (B). It is worth noting that the abundance of fragment ion at 528 m/z is 

significantly higher in (A).   
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Figure 5.4 The mobiligrams of m/z = 1003.9 from (A) Adalimumab (IgG1) and (B) human 

serum IgGs, and Cetuximab (C). The m/z = 1003.9 (M+2H) is the mass to charge of 

procainamide labeled A2G2F2 or A2G2(α-Gal)1F. Both mobiligrams collected from negative 

controls (IgG1 and human serum IgG) have a similar single peak at 434.5 Å² showed up which 

confirms A2G2F has a mobiligram trace with one single dominant peak with CCS value of 434.5 

Å². An additional peak at 444.6 Å² was detected in the mobiligram of Cetuximab (C), indicating 

possible sign of the α-Gal isomer separation.   
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Figure 5.5 HILIC-IMS-MS results showing the ion mobility traces of the ion at 1003.9 m/z units 

from Cetuximab, obtained before digestion (A), after β1-3,4 Galactosidase digestion (B), and 

after α1-3,4,6 Galactosidase digestion (C). The disappearance of the peak at 434.5 Å² after β1-
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3,4 Galactosidase digestion demonstrates that both of the Gal residues are attached via a B-

linkage, while the disappearance of the peak at 444.6 Å² after α1-3,4,6 Galactosidase digestion 

demonstrates that this species has a single Gal terminus which is attached via an alpha linkage.  

 

  



 

73 

 

 

CHAPTER 6 

A THREE-DIMENSIONAL DATABASE OF N-GLYCANS INCLUDES HILIC RETENTION 

TIME, ION MOBILITY COLLISION CROSS SECTION, AND MASS TO CHARGE FROM 

MASS SPECTROMETRY 
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Abstract 

Hydrophilic interaction liquid chromatography (HILIC) – ion mobility spectrometry 

(IMS) – mass spectrometry (MS) is a high resolving power system in N-glycan analysis. This 

study developed a three-dimensional database that includes HILIC retention time, ion mobility 

collision cross section, and mass to charge (m/z) data of 205 Procainamide labeled N-glycans. 

The database is curated with non-immunogenic and immunogenic N-glycans detected in 

glycoproteins, cell pellets, and monoclonal antibody. The developed N-glycan database enables 

accurate identification of N-glycans including branched or linkage isomers and acts as a useful 

tool for data analysis of unknown samples.  
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Introduction 

N-linked glycosylation regulates the stability and activity of biotherapeutic products.180-

182 The control of glycosylation during drug development is an essential step to guarantee safety 

and efficacy in biotherapeutics.169, 183, 184 N-glycans produced from glycosylation are chains of 

monosaccharide sugars that connect via different glycosylic linkages.47 The variety in glycosylic 

linkage creates different glycan structures and isomers. Characterizing glycan often needs high 

resolution analytical system due to the complexity of N-glycan structure and isomers.  

A high throughput analytical method with high sensitivity and selectivity is desired for 

the study of N-glycans in biotherapeutics. Mass spectrometry (MS) is a common platform for the 

analysis of N-glycans.84, 85, 185 The development of tandem mass spectrometry (MS/MS) has 

enabled structural identification of complex N-glycan structures via the production of fragment 

ions,84, 85, 185 but this method can struggle to identify some glycan isomers such as α2-3/α2-6 

sialylated glycans.31 The addition of separation techniques is necessary to increase the accuracy 

and efficiency for glycan profiling. Liquid chromatography (LC) combined with MS is a widely 

used technique in glycomics where analytes are separated prior to mass detection in MS.13 

Hydrophilic interaction liquid chromatography (HILIC) is a popular LC mode that separates 

challenging isomeric groups and complements the identification process of MS.10 HILIC-MS has 

been demonstrated as a powerful tool in the analysis of glycans.10-13 Recent advancement in the 

analytical field has shown that the resolving power of HILIC-MS can be significantly improved 

through the addition of a robust separational technique called ion mobility spectrometry 

(IMS).186, 187 IMS is a rapid gas-phase separation that differentiates ions based on their shape, 

charge and mass within milliseconds.123 Applications of HILIC-IMS-MS revealed the ability of 

this multidimensional system in analyzing and resolving complex glycan isomers that cannot be 
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achieved via traditional two-dimensional systems.188, 189 HIIC-IMS-MS is an ideal high 

throughput analytical system for the characterization of N-glycans.  

The development of glycan databases is necessary to facilitate accuracy when using high 

resolution analytical systems for analysis. Complex Carbohydrate Structural Database (CCSD) is 

one of the first glycan databases published in 1980s that gather thousands of glycans along with 

their biological activities/applications.135, 136 The emergence of LC-MS, IMS-MS, and LC-IMS-

MS created demands for glycan databases with more complex information such as LC retention 

time or IMS collision cross section (CCS). Glycostore was developed in 2018 as a unique 

database that provides retention time of 850 unique glycans in different separational platforms 

including HILIC, reversed phase (RP), porous graphitic carbon (PGC), and capillary 

electrophoresis (CE).35 Glycomob is a more recent database that published over 900 CCS values 

of native glycans.36 The dataset from Glycomob can be accessed via larger glycan database 

platforms including UniCarbKB or UniCarbDB to help minimize scatter of glycan information.36 

Efforts are being made in the glycoinformatic field to expand the glycan database for high 

throughput applications. 

The establishment of derivatized N-glycan dataset is an essential step for the usage of 

glycan databases. N-glycans are typically derivatized before analysis in most MS-based 

technique to help increase ionization efficiency. 22, 24 Reductive animation is one of the common 

derivatization methods where primary amide fluorescence labels are chosen to react with the 

unreduced GlcNAc.22 Some fluorescent tags such as Procainamide (ProA), 2-aminobenzamide 

(2AB), 2-aminobenzoic acid (2AA), and 2-aminopyridine (2-PA) were utilized in many studies 

of N-glycan profiling.24 A database of N-glycan labeled with 2-PA was published with 

information on LC retention time and ion mobility CCS data.190  This study developed a database 
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of N-glycan labeled with Procainamide, contributing to the expansion of derivatized N-glycan 

database. The developed database includes HILIC retention time, CCS, and m/z data of 205 

glycans. 

Materials and Method 

Materials 

Ribonuclease B (RNaseB), fetuin bovine, dextran from Leuconostoc spp (Mr 6000), 

procainamide hydrochloride, acetic acid, dimethyl sulfoxide (DMSO), and acetone were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Cetuximab was purchased from Eli Lilly 

(Indianapolis, IN, USA). Chinese Hamster Ovary (CHO) cell pellets and Human Embryonic 

Kidney (HEK) cell pellets were provided by Glycoscientific (Athens, GA, USA). Sodium 

cyanoborohydride was purchased from Acros Organics (Branchbrug, NJ, USA). PNGaseF were 

purchased from Lectenz Bio (Athens, GA, USA). Denaturing buffer and NP-40 were purchased 

from New England Biolabs (Ipswich, MA, USA). PD MiniTrap G10 was purchased from Cytiva 

(Marlborough, MA, USA). HyperSepTM C18 Cartridge was purchased from ThermoFisher 

(Waltham, MA, USA). Ammonium bicarbonate, ammonium formate and formic acid were 

purchased from Fluka (Morris Plains, NJ, USA). Acetonitrile (LCMS graded) was purchased 

from Honeywell Burdick and Jackson (Muskegon, MI, USA).  

N-glycans release from protein/antibody using PNGaseF  

1 mg of Ribonuclease B, 1 mg of fetuin bovine, and 1 mg of Cetuximab were each 

denatured at 100°C for 12 minutes using 4 µL of denaturing buffer (40 mM DTT in 0.5% SDS). 

The samples were then cooled down in the freezer for 5 minutes followed by the addition of 2-4 

µL of 1% NP-40 to help avoid the loss of PNGaseF enzymatic activity. To the denatured 
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samples, 2-4 µL of PNGaseF was added to release N-glycans overnight at 37°C. After 16-20 

hours, the samples were collected and lyophilized to dryness.  

N-glycans released from cell pellets using PNGaseF 

About 100-10 million CHO cells or HEK cells were homogenized in 50 mM ammonium 

bicarbonate by passing through pipet tips. Samples were then sonicated in an ice bath by a probe 

sonicator in 15 seconds (sonicator power of 3 units) and were repeated 4 times with a break time 

of 15 seconds in between each sonication. 2 µL of dissolved cell pellet were taken out for A280 

nanodrop. After determination of protein concentration, the samples were denatured at 100°C for 

12 minutes using 10-15 µL of denaturing buffer (40 mM DTT in 0.5% SDS). The denatured 

samples were chilled in the freezer for 5 minutes followed by the addition of 4-6 µL of 1% NP-

40 to help avoid the loss of PNGaseF enzymatic activity. Then, 4-6 µL of PNGaseF were added 

to release N-glycans. Samples were then left in the incubator at 37°C for 16-20 hours to release 

N-glycan from peptide backbone. After incubation, the samples were lyophilized to dryness.  

N-glycans purification and Procainamide (ProA) labeling.  

The released N-glycans were resuspended in 200 µL of 5% acetic acid and ran through 

C18 SPE column (conditioned with 6 mL of 100% methanol and calibrated with 6 mL of 5% 

acetic acid) to clean up residue protein(s). The purified N-glycans were lyophilized to dryness 

then resuspended in approximately 20 µL of water. The labeling solution was prepared with 216 

mg/mL procainamide-hydrochloride and 126 mg/mL sodium cyanoborohydride in 7:3 

(DMSO/acetic acid) solution. Approximately 200 µL labeling solution was added to 

antibody/glycoprotein samples and 400-600 µL was added to the cell pellet samples. The 

mixtures were incubated at 37°C overnight. After incubation, 100 µL of acetone was added to 

quench the reaction at 65°C for 30-60 minutes. The samples were dried down and resuspended in 
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140-200 µL of 5% acetic acid. Then, excess labeling reagents were cleaned up via size exclusion 

PD Mini trap G10 column. The collected fractions were lyophilized and resuspended in 

approximately 100-150 µL of water (1/3 the starting amount of the glycoprotein). The released 

and labeled N-glycans were stored in the freezer ready for analysis.  

HILIC-IMS-MS Settings and Instrumentations 

The samples were run on Agilent 1290 Infinity II LC – MOBILion Structures for 

Lossless Ion Manipulations (SLIM) IMS - Agilent 6546 Q-TOF (MOBILion Systems Inc., 

Chadds Ford, PA & Agilent, Santa Clara, CA).  

The HILIC separation was achieved using Halo Penta-HILIC column (Advanced 

Material Technology, 1.5 x 150 mm, 2.7 µm particle size, Wilmington, DE). The separation was 

performed at a flowrate of 0.1 mL/min at 60°C with mobile phase A and B consisting of 100% 

ACN with 0.1% formic acid and 50 mM ammonium formate in water with 0.1% formic acid, 

respectively.  The gradient used for N-glycan analysis started at 80% ACN and ramped down to 

40% ACN over 40 minutes. 

After HILIC separation, the analytes were introduced into the IMS-MS system where 

ions were generated by the Dual AJS ESI provided by Agilent (Santa Clara, CA) with the 

recommended settings for N-glycan ionization.164. Upon entering the SLIM module, the ions 

were filled in storage section and then released into a single-pass path length of 13 m.131-133 The 

Travelling Wave (TW) potentials are generated between electrodes on two parallel printed circuit 

boards to propel the ions through N2 drift gas.131-133 The settings for the TW potentials were 

based on the recommended parameter from the provider (MOBILion Systems Inc., Chadds Ford, 

PA) with minimal optimization. The mass spectra were obtained using MS (seq) acquisition 

settings in the Agilent 6546 Q-TOF (Agilent, Santa Clara, CA).  
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The collected data was processed via HRIM Data Processor prior to analysis using 

Agilent MassHunter IM-MS Browser, Agilent Qualitative Analysis and Skyline.  

Results and Discussion 

Conversion of HILIC Retention Time into Glucose Unit 

Retention time reported in minutes can be varied across LC instruments. Glucose unit 

(GU) is a “universal” metric in chromatographic measurement that normalizes retention time to 

avoid variation in recorded data.191-193 The study used dextran ladder as the external calibrant for 

unit conversion. The calibration curved were plotted as dextran glucose unit and their retention 

time. Logarithmic equation of the form y = aln(x) + b was fitted to the plotted curve. HILIC 

retention time of glycan in minutes was converted into glucose unit (GU) using the fitted 

logarithmic equation (Figure 6.1).   

Calculation of collision cross section (CCS) 

The arrival time of traveling wave-base ion mobility cannot be directly converted into 

CCS using the Mason–Schamp equation.194 The traveling-wave CCS can be calculated via a 

calibration curve fitted between the arrive time of a chosen set of calibrants and the reduced drift 

tube CCS values.166 Dextran ladder was proposed as an ideal calibrant for the calculation of 

glycan CCS due to its unique sequential α-1,6-linked glucose oligomers.195 This study utilized 

dextran as the external calibrant for CCS calculation and the calculation was based on the 

method used by Li et al166 for the SLIM system. The reduced CCS were calculated using 

equation 6.1, where the drift tube CCS values of Procainamide labeled dextran were extracted 

from reference data of Manz et al.165 The calibration curve is plotted as the reduced drift tube 

CCS of dextran oligosaccharides (y-axis) and the arrival time collected from traveling-wave IMS 

(x-axis). A calibration curve was initially fitted using conventional quadratic function (y = ax2 + 
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bx + c), but this calibration curve resulted in relatively high CCS error (Figure 6.2). A 

logarithmic equation was employed as a different function for the calibration curve and found 

small deviations in the calculated CCS value compared to standard drift tube CCS data (Figure 

6.2). The logarithmic calibration curve was used to calculate all reported CCS values in the 

database.    

Database of HILIC retention time, ion mobility CCS, and m/z value of 205 procainamide labeled 

glycans 

The study focusses on collecting information of N-glycans that are commonly found in 

biotherapeutic products.  Two standard cell pellets in drug development, including CHO cells196 

and HEK cells,197 were chosen as one of the main glycoprotein sources for data collection.  N-

glycans released from RNaseB and fetuin bovine were also included as they contain a variety of 

high mannose glycans as well as high complex sialylated glycans that would benefit the dataset. 

The identification of immunogenic glycans is crucial during drug discovery, thus developing a 

database with immunogenic glycan information is a practical approach toward enhancing the 

utility of glycan databases. Glycans containing α-Gal (galactose-α-1,3-galactose)198 or 

Neu5Gc199 are well-known immunogenic species that can lead to negative impact upon 

administration into the human body. The chosen list of standard glycoproteins provides Neu5Gc-

species information from the glycoforms of fetuin31, but still lacks information on α-Gal species. 

Cetuximab is a monoclonal antibody with high abundance of glycans containing α-Gal,198 which 

makes cetuximab an ideal candidate to fill in the missing information on α-Gal species. N-

glycans released from Cetuximab were therefore added to the database. The database overall 

includes N-glycans released from CHO cells, HEK cells, RNaseB, fetuin bovine, and Cetuximab.  
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The developed database covers an array N-glycans including non-

fucosylated/fucosylyated glycans, α2-3/α2-6-Neu5Ac-glycans, α2-3/α2-6-Neu5Gc-glycans, Gal-

(α1-3)-Gal containing glycans, Poly-N-acetyllactosamine (poly-LacNAc) glycans with repeated 

Gal-(β1-4)-GlcNAc disaccharides on one antenna, high mannose glycans, and hybrid glycans 

(Table 6.1). A three-dimensional plot of all data reported in Table 6.1 was graphed in Figure 6.3 

to demonstrate an overall picture of the database. Most glycans were reported as doubly charged 

species except for some larger glycans (tetra- and penta-antenna) due to their high abundance in 

triply charged form. Each entry of data comprises of the glycoprotein source of which the N-

glycan was released, the naming notation of glycan, charge state (z), mass to charge (m/z), 

HILIC retention time in glucose unit (GU), and ion mobility CCS value (Table 6.1). Some 

observed signals of N-glycan isomer cannot be confidently identified and are denoted 

numerically (-1, -2, -3, etc.) in the reported database.  Each data reported was recorded in three 

replicates to ensure accuracy in data filing.  

Application of the N-glycan database  

An in-house analytical workflow (Figure 6.4) is described as an example to demonstrate 

the application of glycan database in data analysis process. Data is first analyzed in a pre-built 

skyline library covers composition of fucosylated/non-fucosylated glycans from A0G0 to 

A5G5(Neu5Ac)5, high mannose glycans (Man9-Man5), α-Gal glycans found in Cetuximab, and 

Neu5Gc glycans detected in fetuin. Software such as IMS Browser is then used for mass 

spectrum and mobiligram analysis. HILIC retention time and CCS information from the glycan 

database is employed to provide an additional layer of confirmation in identifying isomers. 

The HILIC retention time, CCS and m/z database help to reveal more accurate details 

about the structure of N-glycan. Using only mass to charge (m/z) data for identification can only 
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identify the composition of the glycan. One composition of glycan proposed by m/z can have 

multiple isomeric species. The addition of HILIC retention time helps distinguish isomers 

including α2-3/α2-6 sialylated glycans or poly-LacNAc species, which provides more accurate 

structural information. Ion mobility CCS acts as the third dimension to resolve species that 

HILIC cannot separate. A2G2F is a common glycan that can have a positional isomer containing 

a Gal-(α1-3)-Gal (α-Gal) linkage. Table 6.1 shows that A2G2F and its α-Gal containing isomer 

has identical HILIC retention time and m/z, but these two species were successfully resolved 

using IMS with two distinct CCS values reported. The data provided from the third dimension 

(IMS) allows high accuracy in glycan characterization. The glycan database can be used as a 

toolbox to simplify data analysis process and acts as an ideal tool to characterize complex glycan 

profiles.  

Conclusion 

This study developed Procainamide labeled N-glycan database involves HILIC retention 

time, ion mobility CCS, and m/z data of MS. An appropriate list of glycoproteins was carefully 

chosen to obtain information of commonly found N-glycans in biotherapeutic products. N-

glycans listed in the database were released from CHO cells, HEK cells, RNaseB, fetuin bovine, 

and Cetuximab. HILIC retention time was converted into GU and ion mobility data was reported 

as CCS to allow application across different platforms. The development of procainamide 

labeled N-glycan database is an effort to bring the bridge of glyco-bioinformation application 

closer to biotherapeutic analysis. Future studies can utilize the developed database as an 

assistance tool for high throughput applications.  
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Equation 6.1 

Ω′ =
Ω

𝑧 × √
1
µ

 

Where Ω’ is reduced CCS, Ω is the known drift tube CCS, z is charge of the ion, and µ is the 

reduced mass  
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Equation 6.2  

µ = 
𝑚𝑖𝑜𝑛×𝑚𝑔𝑎𝑠

𝑚𝑖𝑜𝑛+𝑚𝑔𝑎𝑠
 

Where m ion is mass of the ion, and m gas is mass of the inert gas   
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Table 6.1  

Procainamide-labeled N-glycans database with m/z, HILIC retention time in GU, and ion 

mobility traveling-wave CCS information. The structure of N-glycans is described using the 

following naming system: Ax represents the number of antennae, Gy is number of Galactoses 

attached to antenna GlcNAc, and Fz is number of Fucoses linked to the core GlcNAc. Sialylated 

glycans are denoted with (Neu5Ac)m where m represents the number of Neu5Ac linked to either 

antenna Gal (α2-3/α2-6) or antenna GlcNAc (α2-6-GlcNAc or α2-3-GlcNAc). N-glycans with 

Neu5Gc attached are described with (Neu5Gc)n notation where n is the number of Neu5Gc 

linked to antenna Gal via α2-3/α2-6 linkage. Poly-LacNAc glycans, which have repeated Galβ1-

4GlcNAc disaccharides on one antenna, is describe by (Lac)t where t represents every one 

Galβ1-4GlcNAc disaccharides repeated.  The existing α-Gal linkages are expressed as (α-Gal)w. 

Glycoprotein 

Source N-glycan Naming z m/z RT(GU) CCS 

RNaseB Man5 2 727.79 6.2 364.7 

RNaseB Man5 with α1-2 2 727.79 6.2 384 

RNaseB Man6 2 808.82 7.2 398.1 

RNaseB Man7 2 889.85 8.1 419.2 

RNaseB Man7 2 889.85 8.2 421.7 

RNaseB Man7 2 889.85 8.2 427.4 

RNaseB Man8 2 970.87 9.2 445.6 

RNaseB Man8 2 970.87 9.3 454.3 

RNaseB Man9 2 1051.9 10 470.2 

Fetuin A2G2 2 930.87 7.7 431.6 
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Fetuin A2G2(Neu5Ac)1(α2-3)-1 2 1076.43 9.7 460.9 

Fetuin A2G2(Neu5Ac)1(α2-3)-2 2 1076.43 9.4 465.9 

Fetuin A2G2(Neu5Ac)1(α2-6)-1 2 1076.43 10.4 471.4 

Fetuin A2G2(Neu5Ac)1(α2-6)-2 2 1076.43 10.4 478.3 

Fetuin A2G2(Neu5Ac)2 (2α2-3)-1 2 1221.99 12.2 507.6 

Fetuin A2G2(Neu5Ac)2 (1α2-3 + 1α2-6) 2 1221.99 13 516.3 

Fetuin A2G2(Neu5Ac)2 (2 α2-6) 2 1221.99 13.9 523.1 

Fetuin A3G3 2 1113.46 9.1 470.2 

Fetuin A3G3(Neu5Ac)1(α2-3)-1 2 1259 11.2 504.3 

Fetuin A3G3(Neu5Ac)1(α2-3)-2 2 1259 11.2 515.7 

Fetuin A3G3(Neu5Ac)1(α2-6)-1 2 1259 11.9 506.4 

Fetuin A3G3(Neu5Ac)1(α2-6)-2 2 1259 11.9 517.1 

Fetuin A3G3(Neu5Ac)2 (2α2-3) - 1 2 1404.55 13.8 547.7 

Fetuin A3G3(Neu5Ac)2 (1α2-3, 1α2-6-GlcNAc)-1 2 1404.55 14 551.2 

Fetuin A3G3(Neu5Ac)2 (1α2-3, 1α2-6-GlcNAc)-2 2 1404.55 14 536.4 

Fetuin A3G3(Neu5Ac)2 (1α2-3 + 1α2-6)-1 2 1404.55 14.5 546.4 

Fetuin A3G3(Neu5Ac)2 (1α2-3 + 1α2-6)-2 2 1404.55 14.5 552.7 

Fetuin A3G3(Neu5Ac)2 (2α2-6)-1 2 1404.55 15.5 547.2 

Fetuin A3G3(Neu5Ac)2 (2α2-6)-2 2 1404.55 15.5 521.3 

Fetuin A3G3(Neu5Ac)3 (3 α2-3)-1 2 1550.1 16.9 583.2 

Fetuin A3G3(Neu5Ac)3 (3 α2-3)-2 2 1550.1 16.9 599.7 

Fetuin A3G3(Neu5Ac)3 (2α2-3, 1 α2-6-GlcNAc)-1 2 1550.1 17.3 569.5 

Fetuin A3G3(Neu5Ac)3 (2α2-3, 1 α2-6-GlcNAc)-2 2 1550.1 17.3 581.1 
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Fetuin A3G3(Neu5Ac)3 (1 α2-6, 2 α2-3) 2 1550.1 17.9 580.7 

Fetuin 

A3G3(Neu5Ac)3 (1α2-3, 1 α2-6, 1 α2-6– 

GlcNAc)-1 2 1550.1 18.2 581.9 

Fetuin 

A3G3(Neu5Ac)3 (1α2-3, 1 α2-6, 1 α2-6– 

GlcNAc)-2 2 1550.1 18.2 586.5 

Fetuin A3G3(Neu5Ac)3 (2 α2-6, 1 α2-3)-1 2 1550.1 18.8 578.8 

Fetuin A3G3(Neu5Ac)3 (2 α2-6, 1 α2-3)-2 2 1550.1 18.8 570.3 

Fetuin A3G3(Neu5Ac)3 (2 α2-6, 1 α2-6 – GlcNAc) 2 1550.1 19.1 579.7 

Fetuin A3G3(Neu5Ac)3(3 α2-6)-1 2 1550.1 19.8 577.4 

Fetuin A3G3(Neu5Ac)3 (3 α2-6) - 2 2 1550.1 19.8 581 

Fetuin A3G3(Neu5Ac)4 - 1 3 1130.75 21.1 636 

Fetuin 

A3G3(Neu5Ac)4 (1 α2-6, 1 α2-3, 2 α2-6 – 

GlcNAc) 3 1130.75 21.8 652.9 

Fetuin 

A3G3(Neu5Ac)4 (1 α2-6, 2 α2-3, 1 α2-6 – 

GlcNAc) 3 1130.75 22.3 638.4 

Fetuin 

A3G3(Neu5Ac)4 (2 α2-6, 1 α2-3, 1α2-6 – 

GlcNAc) 3 1130.75 23.5 655.5 

Fetuin A2G2(Neu5Gc)1(1 α2-3) 2 1084.44 10.1 462.8 

Fetuin A2G2(Neu5Gc)1(1 α2-6) 2 1084.44 10.8 473.6 

Fetuin A2G2(Neu5Gc)1(Neu5Ac)1 (2 α2-6) 2 1229.98 14.7 523.2 

Fetuin A3G3(Neu5Gc)1(1 α2-3)-1 2 1267 11.7 505.8 

Fetuin A3G3(Neu5Gc)1(1 α2-3)-2 2 1267 11.7 515.4 

Fetuin A3G3(Neu5Gc)1(1 α2-3)-3 2 1267 11.7 525.6 
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Fetuin A3G3(Neu5Gc)1 (1 α2-6)-1 2 1267 12.3 508 

Fetuin A3G3(Neu5Gc)1 (1α2-6)-2 2 1267 12.3 517 

Fetuin A3G3(Neu5Gc)1 (1α2-6)-3 2 1267 12.3 523.5 

Fetuin A3G3(Neu5Gc)1(Neu5Ac)1 (2 α2-3) 2 1412.55 14.4 547.6 

Fetuin A3G3(Neu5Gc)1(Neu5Ac)1 (2 α2-6)-1 2 1412.55 16.2 523.9 

Fetuin A3G3(Neu5Gc)1(Neu5Ac)1 (2 α2-6)-2 2 1412.55 16.2 547.9 

Fetuin A3G3(Neu5Gc)1(Neu5Ac)1 (2 α2-6)-3 2 1412.55 16.2 571 

CHO cells M9 - Glc2-1 2 1213.97 11.5 511.9 

CHO cells M9 - Glc2-2 2 1213.97 11.5 516.7 

CHO cells M9 - Glc1 2 1132.94 10.8 486.5 

CHO cells A2G2(Lac)1 2 1113.46 9.3 490.1 

CHO cells A2G0 2 768.84 5.9 379.1 

CHO cells A2G1-1 2 849.86 6.8 413.9 

CHO cells A2G1-2 2 849.86 7 392.8 

CHO cells A3G2 OR A2G2B-1 2 1032.85 8.4 456.7 

CHO cells A3G2 OR A2G2B-2 2 1032.85 8.4 461.1 

CHO cells A3G2 OR A2G2B-3 2 1032.85 8.4 467.9 

CHO cells A3G2 OR A2G2B-4 2 1032.85 8.4 473.9 

CHO cells A4G4-1 2 1296.02 10.8 510.6 

CHO cells A4G4-2 2 1296.02 10.8 517.8 

CHO cells A4G4-3 2 1296.02 10.8 524.7 

CHO cells A4G4-3 2 1296.02 10.8 532.6 

CHO cells A1G1(Neu5Ac) (1 α2-3-GlcNAc)-1 2 893.87 7.9 409.4 
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CHO cells A1G1(Neu5Ac) (1 α2-3-GlcNAc)-2 2 893.87 7.9 442.7 

CHO cells A1G1(Neu5Ac)1 (1 α2-3)-1 2 893.87 8.2 422.8 

CHO cells A1G1(Neu5Ac)1 (1 α2-3)-2 2 893.87 8.2 428.5 

CHO cells A1G1(Neu5Ac)1 (1 α2-3)-3 2 893.87 8.2 443 

CHO cells A2G2(Neu5Ac)1 (2α2-3)-2 2 1221.99 12 500.9 

CHO cells A2G2(Neu5Ac)1(1 α2-3) (Lac)1 -1 2 1259 11.4 512.2 

CHO cells A2G2(Neu5Ac)1(1 α2-3) (Lac)1 -2 2 1259 11.4 521.9 

CHO cells A3G3(Neu5Ac)1(1 α2-3) - 3 2 1259 11.1 521.1 

CHO cells A3G3(Neu5Ac)1(1 α2-3) - 4 2 1259 11.1 525.5 

CHO cells A3G3(Neu5Ac)1 (2α2-3)-2 2 1404.55 13.7 545.2 

CHO cells A3G3(Neu5Ac)2 (2α2-3)-3 2 1404.55 13.7 552 

CHO cells A4G4(Neu5Ac)1(1 α2-3)-1 2 1441.57 12.8 549.7 

CHO cells A4G4(Neu5Ac)1(1 α2-3)-2 2 1441.57 12.8 554.6 

CHO cells A4G4(Neu5Ac)1(1 α2-3)-3 2 1441.57 12.8 561.7 

CHO cells A4G4(Neu5Ac)1(1 α2-3)-4 2 1441.57 12.8 566.3 

CHO cells A4G4(Neu5Ac)2 (2 α2-3)-1 2 1587.12 15.3 576.3 

CHO cells A4G4(Neu5Ac)2 (2 α2-3)-2 2 1587.12 15.3 588.2 

CHO cells A4G4(Neu5Ac)2 (2 α2-3)-3 2 1587.12 15.3 596.2 

CHO cells A0G0F-1 2 638.79 4.8 350.2 

CHO cells A0G0F-2 2 638.79 4.8 373 

CHO cells A2G0F-1 2 841.87 6.4 401.5 

CHO cells A2G0F-2 2 841.87 6.4 419.6 

CHO cells A2G1F-1 2 922.89 7.3 431 



 

91 

CHO cells A2G1F-2 2 922.89 7.3 433.9 

CHO cells A2G2F 2 1003.92 8.1 434.5 

CHO cells A3G0F-2 2 943.41 7.2 435.2 

CHO cells A3G2F 2 1105.46 8.9 478.5 

CHO cells A3G3F 2 1186.49 9.5 484 

CHO cells A2G2(Lac)1F -1 2 1186.49 9.8 495.3 

CHO cells A2G2(Lac)1F -2 2 1186.49 9.8 510 

CHO cells A4G0F 2 1044.95 7.7 478.6 

CHO cells A4G3F-1 2 1288.02 10.3 504.8 

CHO cells A4G3F-2 2 1288.02 10.3 518 

CHO cells A4G3F-3 2 1288.02 10.3 528.5 

CHO cells A4G4F 2 1369.05 11.1 532.2 

CHO cells A5G5F-1 2 1551.62 12.5 569.5 

CHO cells A5G5F-2 2 1551.62 12.5 575.7 

CHO cells A1G1(Neu5Ac)1F (1 α2-3)-1 2 1068.44 9 475.1 

CHO cells A1G1(Neu5Ac)1F (1 α2-3)-2 2 1068.44 9.2 467 

CHO cells A1G1(Neu5Ac)1F (1 α2-3)-3 2 1068.44 9.2 471.2 

CHO cells A2G2(Neu5Ac)1F (1 α2-3)-1 2 1149.47 10.1 484.5 

CHO cells A2G2(Neu5Ac)1F (1 α2-3)-1 2 1149.47 10.1 489 

CHO cells A2G2(Neu5Ac)1F (1 α2-3)-1 2 1149.47 10.1 493.4 

CHO cells A2G2(Neu5Ac)2F (2 α2-3)-1 2 1295.01 12.6 528.8 

CHO cells A2G2(Neu5Ac)2F (2 α2-3)-2 2 1295.01 12.6 531.2 

CHO cells A3G2(Neu5Ac)1F (1 α2-3)-1 2 1251 10.7 509.8 
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CHO cells A3G2(Neu5Ac)1F (1 α2-3)-2 2 1251 10.7 524.6 

CHO cells A3G2(Neu5Ac)1F (1 α2-3)-3 2 1251 11 501.4 

CHO cells A3G2(Neu5Ac)1F (1 α2-3)-4 2 1251 11 509.8 

CHO cells A3G2(Neu5Ac)1F (1 α2-3)-5 2 1251 11 521.1 

CHO cells A3G2(Neu5Ac)1F (1 α2-3)-6 2 1251 11 526.7 

CHO cells A3G3(Neu5Ac)1F (1 α2-3)-1 2 1332.03 11.5 527.2 

CHO cells A3G3(Neu5Ac)1F (1 α2-3)-2 2 1332.03 11.5 533.9 

CHO cells A2G1(Neu5Ac)1(Lac)1F (1 α2-3)-1 2 1332.03 11.8 528.9 

CHO cells A2G1(Neu5Ac)1(Lac)1F (1 α2-3)-2 2 1332.03 11.8 533.5 

CHO cells A2G1(Neu5Ac)1(Lac)1F (1 α2-3)-3 2 1332.03 11.8 541.3 

CHO cells A2G1(Neu5Ac)1(Lac)1F (1 α2-3)-4 2 1332.03 11.8 547.4 

CHO cells A3G3(Neu5Ac)2F (2 α2-3)-1 2 1477.58 14.2 564.2 

CHO cells A3G3(Neu5Ac)2F (2 α2-3)-2 2 1477.58 14.2 568.8 

CHO cells A3G3(Neu5Ac)2F (2 α2-3)-3 2 1477.58 14.2 573.9 

CHO cells A3G3(Neu5Ac)3F (3 α2-3)-1 2 1623.13 17.3 598.2 

CHO cells A3G3(Neu5Ac)3F (3 α2-3)-2 2 1623.13 17.3 605.4 

CHO cells A3G3(Neu5Ac)3F (3 α2-3)-3 2 1623.13 17.3 614.9 

CHO cells A4G4(Neu5Ac)1F (1 α2-3)-1 2 1514.6 13.2 562.1 

CHO cells A4G4(Neu5Ac)1F (1 α2-3)-2 2 1514.6 13.2 569.6 

CHO cells A4G4(Neu5Ac)1F (1 α2-3)-3 2 1514.6 13.2 574.3 

CHO cells A4G4(Neu5Ac)1F (1 α2-3)-4 2 1514.6 13.2 576.9 

CHO cells A4G4(Neu5Ac)1F (1 α2-3)-5 2 1514.6 13.2 580.7 

CHO cells A4G4(Neu5Ac)2F (2 α2-3)-1 2 1660.15 15.7 589.3 
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CHO cells A4G4(Neu5Ac)2F (2 α2-3)-2 2 1660.15 15.7 599.3 

CHO cells A4G4(Neu5Ac)2F (2 α2-3)-3 2 1660.15 15.7 602.1 

CHO cells A4G4(Neu5Ac)2F (2 α2-3)-4 2 1660.15 15.7 604.1 

CHO cells A4G4(Neu5Ac)2F (2 α2-3)-5 2 1660.15 15.7 610.1 

CHO cells A4G4(Neu5Ac)3F (3 α2-3)-1 3 1204.13 18.9 609 

CHO cells A4G4(Neu5Ac)3F (3 α2-3)-2 3 1204.13 18.9 647.2 

CHO cells A4G4(Neu5Ac)3F (3 α2-3)-3 3 1204.13 18.9 662 

CHO cells A4G4(Neu5Ac)3F (3 α2-3)-4 3 1204.13 18.9 670.8 

CHO cells A4G4(Neu5Ac)3F (3 α2-3)-5 3 1204.13 18.9 688.5 

CHO cells A4G4(Neu5Ac)4F (4 α2-3)-1 3 1301.16 22.8 652.3 

CHO cells A4G4(Neu5Ac)4F (4 α2-3)-2 3 1301.16 22.8 667.6 

CHO cells A4G4(Neu5Ac)4F (4 α2-3)-3 3 1301.16 22.8 687.1 

CHO cells A5G5(Neu5Ac)1F (1 α2-3)-1 3 1131.78 14.7 614.9 

CHO cells A5G5(Neu5Ac)1F (1 α2-3)-2 3 1131.78 14.7 644.1 

CHO cells A5G5(Neu5Ac)2F (2 α2-3)-1 3 1228.81 17.2 648 

CHO cells A5G5(Neu5Ac)2F (2 α2-3)-2 3 1228.81 17.2 668 

CHO cells A5G5(Neu5Ac)2F (2 α2-3)-3 3 1228.81 17.2 689.7 

CHO cells A5G5(Neu5Ac)2F (2 α2-3)-4 3 1228.81 17.2 706.2 

CHO cells A5G5(Neu5Ac)3F (3 α2-3)-1 3 1325.84 20.2 685.2 

CHO cells A5G5(Neu5Ac)3F (3 α2-3)-2 3 1325.84 20.2 707.2 

CHO cells A5G5(Neu5Ac)3F (3 α2-3)-3 3 1325.84 20.2 723.4 

CHO cells A5G5(Neu5Ac)3F (3 α2-3)-4 3 1325.84 20.2 737.8 

HEK cells A5G4F-1 3 980.73 11.4 595.1 
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HEK cells A5G4F-2 3 980.73 11.4 622.7 

HEK cells A2G1(Neu5Ac)1F (1 α2-6) 2 1068.44 9.9 465.4 

HEK cells A2G2(Neu5Ac)1F (1 α2-6) 2 1149.47 10.8 491.6 

HEK cells A2G2(Neu5Ac)2F (1 α2-3, 1 α2-6) 2 1295.01 13.4 535.9 

HEK cells A2G2(Neu5Ac)2F (2 α2-6) 2 1295.01 14.2 531.5 

HEK cells A3G2(Neu5Ac)1F (1 α2-6) 2 1251 11.4 520.9 

HEK cells A3G3(Neu5Ac)2F (1 α2-3, 1 α2-6) 2 1477.58 14.8 566.1 

HEK cells A4G4(Neu5Ac)1F (1 α2-6) 2 1514.6 13.8 569.6 

HEK cells A4G4 (Neu5Ac)2F (1 α2-3, 1 α2-6)-1 2 1660.15 16.5 600.1 

HEK cells A4G4 (Neu5Ac)2F (1 α2-3, 1 α2-6)-2 2 1660.15 16.5 608.3 

HEK cells A5G4 (Neu5Ac)1F (1 α2-3)-1 3 1077.76 13.5 608.2 

HEK cells A5G4(Neu5Ac)1F (1 α2-3)-2 3 1077.76 13.5 624.8 

HEK cells A5G4 (Neu5Ac)1F (1 α2-3)-3 3 1077.76 13.5 635.5 

HEK cells A5G4 (Neu5Ac)1F (1 α2-6)-1 3 1077.76 14.4 649.1 

HEK cells A5G4 (Neu5Ac)1F (1 α2-6)-2 3 1077.76 14.4 664.1 

Cetuximab A2G2(α-Gal)1F-1 2 1084.95 8.8 460 

Cetuximab A2G2(α-Gal)1F-2 2 1084.95 8.8 465 

Cetuximab A2G2(α-Gal)2F 2 1165.97 9.8 486.7 

Cetuximab A3G3(α-Gal)1F-1 2 1267.51 10.2 509.1 

Cetuximab A3G3(α-Gal)1F-2 2 1267.51 10.2 513.3 

Cetuximab A3G3(α-Gal)2F-1 2 1348.54 11.1 519.8 

Cetuximab A3G3(α-Gal)2F-2 2 1348.54 11.1 531.6 

Cetuximab A3G3(α-Gal)2F-3 2 1348.54 11.1 542.7 
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Cetuximab A3G3(α-Gal)3F-1 2 1429.56 11.9 550.4 

Cetuximab A3G3(α-Gal)3F-2 2 1429.56 11.9 560.6 

Cetuximab A2G2(α-Gal)1F2-1 2 1157.97 9.4 490.6 

Cetuximab A2G2(α-Gal)1F2-2 2 1157.97 9.4 496.2 

Cetuximab A2G2(α-Gal)1(Neu5Gc)1F-1 2 1238.49 12.3 507.4 

Cetuximab A2G2(α-Gal)1(Neu5Gc)1F-2 2 1238.49 12.3 518.3 

Cetuximab A3G3(α-Gal)1(Neu5Gc)1F 2 1421.06 13.8 548.5 

Cetuximab A3G3(α-Gal)2(Neu5Gc)1F-1 2 1502.08 14.6 562.3 

Cetuximab A3G3(α-Gal)2(Neu5Gc)1F-3 2 1502.08 14.6 572.5 

Cetuximab A2G1(α-Gal)1F 2 1003.9 7.9 444.6 

Cetuximab A2G2(Neu5Gc)1F-1 2 1157.46 11.2 493 

Cetuximab A2G2(Neu5Gc)1F-2 2 1157.46 11.2 504.3 

Cetuximab A2G2(Neu5Gc)2F 2 1311 15.6 532.4 

Cetuximab M5G1F 2 902.36 7.2 424.6 

Cetuximab M5A1G1F-1 2 983.39 8.3 439.7 

Cetuximab M5A1G1F-2 2 983.39 8.3 451.5 
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Figure 6.1 Procainamide-labeled dextran is used as an external calibrant to convert retention 

time in minutes into glucose unit (GU). Dextran ladder elutes as in the increasing term of glucose 

unit (A). Released N-glycans are ran under the same experimental condition after dextran 

calibration (B). A logarithmic calibration curve between dextran GU and their corressponding 

retention time is plotted to conver minutes into GU.  
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Figure 6.2 The CCS calibration errors of dextran ladder from GU9 to GU19 using two different 

fitting functions including: logarithmic fit and quadratic polynomial fit. The graph suggests that 

logarithmic fit is a more suitable equation fit with lower CCS errors.  
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Figure 6.3 A three-dimensional plotted space of the procainamide labeled glycans database 

composed of HILIC retention time in GU, ion mobility values in CCS, and m/z data. The data 

has M+2H (z = 2) and M+3H (z = 3) species, which are grouped base on their charge in the 

dotted eclisped.  
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Figure 6.4 An in-house N-glycan identification protocol using the assistance of the developed N-

glycan database. The unknown glycan dataset is initially imported into a pre-built skyline library 

for a quick scan of possible N-glycan presents in the dataset. The mass spectrum and 

mobiligrams are analyzed to help re-confirm the identification of the skyline-selected species. 

The developed N-glycan database is used to accurately verify the identity of any glycans that 

have linkage/branched isomers.  
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CHAPTER 7 

ORTHOGONALITY OF SEPARATION IN LIQUID CHROMATOGRAPHY, ION 

MOBILITY, AND MASS SPECTROMETRY 
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Abstract 

Optimizing peak capacity is a common approach to improve resolving power. Combining 

multiple separational techniques is known as one of the most effective ways to optimize peak 

capacity. The resolving power of a multidimensional system can be evaluated via measuring the 

orthogonality amongst each participating dimension. Ion mobility spectrometry (IMS) is a robust 

gas-phase separational method that can be paired with liquid chromatography (LC) and mass 

spectrometry (MS) to create a high resolving power system. The study of orthogonality for LC-

IMS-MS is still underdeveloped. This study examines orthogonality of different LC modes 

paired with IMS-MS. Hydrophilic interaction liquid chromatography (HILIC)-IMS-MS and 

porous graphitic carbon (PGC)-IMS-MS were used for the analysis of N-glycans. Data collected 

from PGC-IMS-MS displays high dispersion of datapoints with higher orthogonality percentage 

compared to HILIC-IMS-MS, indicating PGC-IMS-MS has a higher resolving power in N-

glycan analysis. The second part of the study involves the evaluation of HILIC-IMS-MS and 

reversed phase (RP)-IMS-MS in proteomics. HILIC-IMS-MS demonstrates an overall higher 

orthogonality compared to RP-IMS-MS, implying HILIC-IMS-MS can provide better resolution 

in peptide study. The orthogonality of multidimensional systems is governed by the separation 

mechanism between the analytes and the participating dimensions. The study of orthogonality 

helps identify an appropriate multidimension technique with high resolving power for the 

targeted biomolecules.  
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Introduction 

Peak capacity measures the separation efficiency of analytical techniques such as liquid 

chromatography (LC).37, 38 The concept of peak capacity was first introduced by Giddings200 and 

Hovarth et al201 as the measurement of the maximum number of resolvable peaks in a 

chromatographic elution. LC is a common separational technique in proteomics202, 203 and 

glycomics68, 204, 205, optimizing peak capacity of LC is desired to increase resolving power. 

Chromatographic peak capacity can be optimized by altering different components including 

flowrates, gradient speeds, temperatures, and length of the column.206, 207 While changes in the 

chromatographic conditions are proven to increase peak capacity, the use of multidimensional 

systems can push the boundary of peak capacity to significantly boost the separation 

efficiency.141, 208-210 Peak capacity of a powerful one dimensional (1-D) chromatography is 

limited to the hundred range,140, 141 but peak capacity of a multidimensional system is the product 

of maximum number of resolvable peaks in each dimension211 and can offer capacities in the 

range of thousands.212, 213 The high number of peak capacities enable multidimensional systems 

to identify complex profiles of biomolecules that are challenging to 1-D techniques.214, 215 One of 

the widely recognized multidimensional technique is called Multidimensional Protein 

Identification Technology (MudPIT). MudPIT is a powerful method that utilizes the separation 

power of an orthogonal two-dimensional liquid chromatography to achieve identification of 

more than 1000 proteins in a complex proteome profile.142 The success of two-dimensional 

systems in numerous studies has drawn the needs to study orthogonality of multidimensional 

systems, which assists researchers in choosing an appropriate high resolving power system for 

analysis.145  
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Orthogonality is a popular metric in multidimensional chromatography that measures 

how uncorrelated the separations provided by each participating dimension.143, 144 High 

uncorrelation equivalents with a better resolving power due to the unique datapoint collected 

from each dimension. The calculation of orthogonality can be done using a geometric approach 

where data are normalized and plotted into a 2-D separation space.145 The orthogonality 

measures the area of the 2-D separation space that covers with the plotted data.145 The geometric 

approach is a popular and simple method to calculate the orthogonality of different two-

dimensional liquid chromatography systems.145, 146 While geometric concepts have only been 

applied to 2-D LC systems, the calculation of this approach does not consider the properties of 

the dimension and only evaluate the coverage of the plotted datapoint. This means the geometric 

approach can be applied to evaluate the orthogonality of any 2-D systems.  

  The development of multidimensional system is not only limited to LC x LC but also 

expands to the combination of other separational techniques.139, 141 Ion mobility spectrometry 

(IMS) is a gas-phase separational technique123 that can be paired with LC-MS to create a high 

throughput multidimensional system with enhanced resolving power.41, 139 The separation in IMS 

is achieved by the interaction between the charged analytes and the inert buffer gas.123 Analytes 

in IMS are separated based on their charge, mass, and shape within milliseconds.123 Applications 

of LC-IMS-MS in proteomics have accomplished attractive results with successful analysis of 

complex proteomics samples under high throughput conditions.39, 139, 216 The improved resolving 

power of LC-IMS-MS also enables the separation of some complex isomers in glycan analysis 

that cannot be differentiated using one-dimensional LC-MS system.187, 189, 217 LC-IMS-MS is 

emerging as a strong multidimensional technique, but there is limited study on the assessment for 

the orthogonality of this system.  
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The orthogonality of different LC mode combined with IMS-MS was examined in this 

study. The study involves the geometric orthogonality evaluation of different multidimensional 

systems for N-glycans and peptide analysis. Two systems including hydrophilic interaction 

liquid chromatography (HILIC) – IMS-MS and porous graphitic carbon (PGC) – IMS-MS were 

utilized for the analysis of N-glycans. The HILIC-IMS-MS and reversed phase (RP) -IMS-MS 

were used in the analysis of peptides.  

Materials and Method 

Materials 

Ribonuclease B (bovine), Fetuin (bovine), dextran from Leuconostoc spp (Mr 6000), 

bovine serum albumin, human serum albumin, procainamide hydrochloride, acetic acid, dimethyl 

sulfoxide (DMSO), iodoacetamide, DL-Dithiothreitol (DL-DTT), and acetone were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Chinese Hamster Ovary cell pellets, Human 

Embryonic Kidney (HEK) cell pellets, and Adalimumab (IgG1) were provided by 

Glycoscientific (Athens, GA, USA). Sodium cyanoborohydride was purchased from Acros 

Organics (Branchbrug, NJ, USA). PNGaseF were purchased from Lectenz Bio (Athens, GA, 

USA). Sequencing Grade Modified Trypsin were purchased from Promega (Madison, WI, USA). 

Denaturing buffer, and NP40 were purchased from New England Biolabs (Ipswich, MA, USA). 

PD MiniTrap G10 was purchased from Cytiva (Marlborough, MA, USA). HyperSepTM C18 

Cartridge was purchased from ThermoFisher (Waltham, MA, USA). Ammonium bicarbonate, 

ammonium formate and formic acid were purchased from Fluka (Morris Plains, NJ, USA). 

Acetonitrile (LCMS graded) was purchased from Honeywell Burdick and Jackson (Muskegon, 

MI, USA).  

N-glycans release from protein/antibody using PNGaseF  
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1mg of Ribonuclease B and 1 mg of Fetuin were each denatured at 100°C for 12 minutes 

using 4 µL of denaturing buffer (40 mM DTT in 0.5% SDS). The samples were then cooled 

down in the freezer for 5 minutes followed by the addition of 2-4 µL of 1% NP-40 to help avoid 

the loss of PNGaseF enzymatic activity. To the denatured samples, 2-4 µL of PNGaseF was 

added to release N-glycans overnight at 37°C. After 16-20 hours, the samples were collected and 

lyophilized to dryness.  

N-glycans released from cell pellets using PNGaseF 

About 100-10 million CHO cells or HEK cells were homogenized in 50 mM ammonium 

bicarbonate by passing through pipet tips. Samples were then sonicated in an ice bath by a probe 

sonicator in 15 seconds (sonicator power of 3 units) and were repeated 4 times with a break time 

of 15 seconds in between each sonication. 2 µL of dissolved cell pellet were taken out for A280 

nanodrop. After determination of protein concentration, the samples were denatured at 100°C for 

12 minutes using 10-15 µL of denaturing buffer (40 mM DTT in 0.5% SDS). The denatured 

samples were chilled in the freezer for 5 minutes followed by the addition of 4-6 µL of 1% NP-

40 to help avoid the loss of PNGaseF enzymatic activity. Then, 4-6 µL of PNGaseF were added 

to release N-glycans. Samples were then left in the incubator at 37°C for 16-20 hours to release 

N-glycan from peptide backbone. After incubation, the samples were lyophilized to dryness.  

N-glycans purification and Procainamide (ProA) labeling.  

The released N-glycans were resuspended in 200 µL of 5% acetic acid and ran through 

C18 SPE column (conditioned with 6 mL of 100% methanol and calibrated with 6 mL of 5% 

acetic acid) to clean up residue protein(s). The purified N-glycans were lyophilized to dryness 

then resuspended in approximately 20 µL of water. The labeling solution was prepared with 216 

mg/mL procainamide-hydrochloride and 126 mg/mL sodium cyanoborohydride in 7:3 
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(DMSO/acetic acid) solution. Approximately 200 µL labeling solution was added to 

antibody/glycoprotein samples and 400-600 µL was added to the cell pellet samples. The 

mixtures were incubated at 37°C overnight. After incubation, 100 µL of acetone was added to 

quench the reaction at 65°C for 30-60 minutes. The samples were dried down and resuspended in 

140-200 µL of 5% acetic acid. Then, excess labeling reagents were cleaned up via size exclusion 

PD Mini trap G10 column. The collected fractions were lyophilized and resuspended in 

approximately 100-150 µL of water (1/3 the starting amount of the glycoprotein). The released 

and labeled N-glycans were stored in the freezer ready for analysis.  

Trypsin digestion of peptide 

1mg of IgG1 (Adalimumab), 1mg of human serum albumin, and 1mg of bovine serum 

albumin were each subjected to reduction with 200 mM DL-DTT (4 µL) in 65°C for 1 hour. 

Then, the samples were alkylated via 4 µL of 1 M iodoacetamide (IDA) in an hour, and the 

remaining IDA was neutralized with approximately 16 µL 200 mM DL-DTT for another hour in 

65°C. Sequencing grade modified trypsin was added (50:1, protein/trypsin) for incubation 

overnight at 37°C. Digested sample were dried via speedvac and stored in freezer ready for 

analysis.  

LC-IMS-MS Settings and Instrumentations 

The samples were run on Agilent 1290 Infinity II LC – MOBILion SLIM - Agilent 6546 

Q-TOF (MOBILion Systems Inc., Chadds Ford, PA & Agilent, Santa Clara, CA).  

The HILIC separation was achieved using Halo Penta-HILIC column (Advanced 

Material Technology, 1.5 x 150 mm, 2.7 µm particle size, Wilmington, DE). The condition was 

set at a flowrate of 0.1 mL/min at 60°C with mobile phase A and B consisted of 100% ACN with 

0.1% formic acid and 50 mM ammonium formate in water with 0.1% formic acid, respectively. 



 

107 

The HILIC gradient for N-glycans analysis started at 80% ACN and ramped down to 40% ACN 

over 40 minutes. To optimize HILIC separation of peptide, a secondary gradient was developed 

where the gradient started at 90% ACN and decreased to 40% ACN over 20 minutes. 

The PGC separation was achieved using Supel™ Carbon LC column (Sigma-Aldrich, 2.1 

x 100 mm, 2.7 µm particle size, St. Louis, MO). The separation was performed at a flowrate of 

0.2 mL/min at 100°C with mobile phase A and B consisted of 100% ACN with 0.1% formic acid 

and 50 mM ammonium formate in water with 0.1% formic acid, respectively. The PGC gradient 

for N-glycans analysis started at 25% ACN and ramped up to 50% ACN over 25 minutes.  

The separation of RP was achieved using HALO 90 Å C18 column (Advanced Material 

Technology, 1.5 x 150 mm, 2.7 µm particle size, Wilmington, DE). The flowrate was 

conditioned at 0.1 mL/min at 60°C with mobile phase A and B consisted of 100% ACN with 

0.1% formic acid and 10 mM ammonium formate in water with 0.1% formic acid, respectively. 

The RP gradient for peptide analysis started at 5% ACN and ramped up to 70% ACN over 32.5 

minutes.  

The analytes were introduced into the IMS-MS system after HILIC separation. Ions were 

generated by the Dual AJS ESI provided by Agilent (Santa Clara, CA) with the recommended 

settings for N-glycan ionization.164 Upon entering the SLIM module, the ions were filled in 

storage section and then released into a single-pass path length of 13 m.131-133 The Travelling 

Wave (TW) potentials were generated between electrodes on two parallel printed circuit boards 

to propel the ions through N2 drift gas.131-133 The settings for the TW potentials were based on 

the recommended parameter from the provider (MOBILion Systems Inc., Chadds Ford, PA) with 

minimal optimization. The mass spectra were obtained using MS (seq) acquisition settings in the 

Agilent 6546 Q-TOF (Agilent, Santa Clara, CA).  
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The collected data was processed via HRIM Data Processor prior to analysis using 

Agilent MassHunter IM-MS Browser, and Skyline. Dextran was used as the external calibrant 

for CCS calculation and the drift tube CCS of procainamide labeled dextran was extracted from 

reference data of Manz et al.165 The CCS calculation was based on the method described by Li et 

al.166 The N-glycan database from Chapter 6 was utilized for the orthogonality study of HILIC-

IMS-MS in N-glycan analysis. The orthogonality was calculated using calculator provided by 

Gilar et al.143  

Results and Discussion 

Orthogonality: HILIC, IMS, and MS in N-glycan Analysis 

The orthogonality of HILIC, IMS and MS in N-glycan analysis was examined. The data 

used for the evaluation was extracted from the database of N-glycans reported in Chapter 6 that 

includes HILIC retention time, IMS collision cross section (CCS), and mass to charge (m/z).  

The study started with an evaluation of the relationship between MS and IMS. Mass 

Spectrometry (MS) is not a conventional separation technique, but the data provided from MS is 

unique for each N-glycans and can be treated as the third separational dimension. The orthogonal 

evaluation of CCS and molecular weight of molecules found a low orthogonality metric at 19% 

with most data point cluster along the diagonal line (Figure 7.1A). The shape of ions dictates 

their arrival time in an IMS experimental, but the mass of the ions also plays a critical role in the 

movement of ions in an IMS drift tube/path. The separation in IMS is influenced by mass, which 

correlates with mass-based identification mechanism in MS. The orthogonal results provide a 

metric measurement that suggests IMS and MS shares highly similarity in N-glycan separation 

mechanism.  
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The study continues by comparing the orthogonality between HILIC and MS. N-glycans 

interact with the stationary phase of HILIC mainly through their hydrophilic components such as 

hydroxyl group (-OH). Large N-glycans have a higher number of hydroxyl groups and elute later 

in a HILIC run. The separation of N-glycans in HILIC is essentially driven by the size of the 

molecules otherwise called mass-related.10 Molecules in MS are also mass-based, thus 

suggesting correlation in N-glycan separation mechanism between HILIC and MS. A low 

surface coverage was observed for the normalized graph between HILIC and molecular weight 

of N-glycans (Figure 7.1B) along with low orthogonality metric calculated (23%), which 

quantitatively agree HILIC and MS have high correlation in separating N-glycan.  

The orthogonal study between IMS-MS and HILIC-MS suggests the separation of N-

glycan in HILIC and IMS are mass-related. A relatively high correlation is expected for data 

collected from HILIC and IMS. The orthogonality metric calculated for HILIC and IMS were 

29% with most datapoint align in the diagonal line. While the performance of HILIC-IMS-MS 

was demonstrated to surpass traditional separation method, the orthogonality between HILIC, 

IMS, and MS are relatively low. This led us to replace HILIC with a different LC mode to 

investigate the changes in orthogonality of multidimensional system in N-glycan analysis.   

Orthogonality: PGC, IMS, and MS in N-glycan Analysis 

PGC has a unique retention mechanism that is believed to be the combination of polar 

retention effect and dispersive interactions.118 The retention time produced by PGC is not 

reproducible,121 thus limiting the application of this LC mode in many studies. In this study, 

HILIC was replaced by PGC to examine possible changes in orthogonality. The glycoprotein 

pool used in HILIC-IMS-MS study including RNase, Fetuin, Cetuximab, CHO cells, and HEK 

cells were employed for the study of PGC-IMS-MS to guarantee consistency between two 
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experiments. Due to limitations in sensitivity and knowledge of separation rules for N-glycans in 

PGC, 88 N-glycans were identified using PGC-IMS-MS.  

CCS data of an analyte is a universal metric and expected to remain unchanged. This 

means changes in LC dimension should not impact the CCS value for a given analyte. Limitation 

in the data pool of PGC-IMS-MS means the datapoints between CCS and MS graphed in Figure 

7.2A are subsets from the datapoints displayed in Figure 7.1A. The subset datapoints from 

Figure 7.2A have an orthogonality metric at 12%, which is lower compared to the orthogonality 

metric collected from a larger N-glycan data pool in Figure 7.1A (19%). The difference in 

orthogonality between a small and a large dataset implies that the geometric calculation depends 

heavily on the number of datapoints. A small pool of datapoints is limited in geometric coverage 

and can negatively impact the accuracy of the calculation.  

PGC-IMS-MS has better data dispersion compared to HILIC-IMS-MS despite its 

limitation in datapoints. The orthogonal graph of data collected from PGC and MS shows higher 

uncorrelation of data with orthogonality calculated at 29% (Figure 7.2B). The PGC-IMS plot has 

a high spread of data with the calculated orthogonality metric yield at 31% (Figure 7.2C), which 

is only 1% orthogonality lower than the orthogonality metric calculated for HILIC-IMS (Figure 

7.1C).  While optimization of LC conditions is needed to decrease the limit of detection in PGC, 

future studies can take advantage of the high resolving power PGC-IMS-MS system in the 

application of resolving N-glycan isomers. The evaluation between two different systems 

including HILIC-IMS-MS and PGC-IMS-MS shows orthogonality can be used as a tool to 

identify the appropriate high resolving power system for analysis. 

Orthogonality evaluation: RP-IMS-MS and HILIC-IMS-MS in Peptide Analysis 
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Peptide was chosen as the secondary analyte for the orthogonal study. Reversed phase 

(RP) is a popular LC mode in the analysis of peptide due to its hydrophobic separation 

mechanism.218, 219 HILIC is a less well-known LC mode in peptide analysis but has been shown 

to be an excellent choice in the analysis of protein post translational modifications.14, 220 RP and 

HILIC were each combined with IMS-MS to create two distinct multidimensional systems for 

the analysis of peptide.  

The orthogonality of HILIC-IMS-MS and RP-IMS-MS were evaluated. The normalized 

graphs of HILIC retention time – molecular weight (MW) (Figure 7.3B) and RP retention time – 

MW of peptide (Figure 7.3D) display a high spread of datapoint along with high orthogonality 

percentage calculated, suggesting peptide separation mechanism from HILIC or RP have low 

correlation to the mass-based mechanism in MS. The separation mechanism of RP is mainly 

driven by hydrophobic interaction, which explains the uncorrelation between RP and MS. The 

orthogonal evaluation of N-glycans suggests that HILIC separation is mass-related in glycan 

separation, but the high orthogonality observed in Figure 7.3B indicates that the separation of 

peptide in HILIC is governed by the hydrophilic interaction between the amino acid and the 

stationary phase of HILIC. A larger peptide with a high number of hydrophobic amino acids can 

still elute earlier in a HILIC chromatogram compared to those smaller peptides but with higher 

hydrophilicity.221 Due to the minimal influence of mass in the separation of peptide using RP or 

HILIC, an increase in the uncorrelation between IMS and HILIC/RP is expected. The datapoints 

from both normalized graphs of HILIC-IMS and RP-IMS (Figure 7.3C & E) significantly 

improve in dispersion with minimal data align on the diagonal line. The orthogonality metric was 

49% for HILIC-IMS, which is significantly higher compared to orthogonality metric of HILIC-

IMS in N-glycan analysis. The difference of orthogonality for the HILIC-IMS-MS in peptide and 
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N-glycan analysis confirms that the change in analytes alters the separation mechanisms amongst 

separational dimensions and affects the separation efficiency of a multidimensional system.  

Conclusion 

This study investigated the orthogonality of various LC modes combining with IMS-MS. 

The performance of multidimensional systems that include LC, IMS, and MS gained significant 

attention in many research fields for their high resolving power and time efficiency compared to 

traditional methods.41, 139. HILIC-IMS-MS was used for the analysis of peptide and N-glycans. 

The different separational behavior of peptide and glycans resulted in two distinct orthogonality 

metrics for HILIC-IMS-MS, indicating the dependence of orthogonality on the target analytes. 

The study of orthogonality also allows better understanding of separational mechanism within 

each participating separational dimension, thus permitting optimization in selecting the 

appropriate system for a targeted analyte. Two multidimensional systems including HILIC-IMS-

MS and PGC-IMS-MS were used for N-glycan analysis. The study of orthogonality suggested 

PGC-IMS-MS was in fact a higher orthogonal multidimensional system compared to HILIC-

IMS-MS in N-glycan analysis, proposing the use of PGC-IMS-MS in achieving challenging 

separation of N-glycan isomers. 
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Figure 7.1 Two-dimensional plots of N-glycan data collected from HILIC-IMS-MS system. 

Panel A shows normalized plot between collision cross section (CCS) and molecular weight of 

molecules. The normalized HILIC retention time (RT) and molecular weight of molecule plot is 

displayed in Panel B.  Panel C illustrates normalized retention time and collision cross section 

(CCS) plot between HILIC and IMS.  The normalized plots show low dispersion of datapoints 

along, suggesting high correlation between data collected from HILIC, IMS and MS.  
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Figure 7.2 The normalized plots of N-glycan data collected from PGC-IMS-MS. Panel A 

represents the relationship between the molecular weight of molecules (MW) and corresponding 

CCS values. Panel B displays the correlation between the molecular weight of molecules and 

their PGC retention time. The separation relationship between PGC and IMS for N-glycan 

analysis is shown in Panel C. Both plots from panel B and C demonstrate low correlation with 

less data cluster at the diagonal, which indicates data collected from PGC has high uncorrelation 

to data obtained from MS and IMS.   
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Figure 7.3 The normalized plots of peptide data obtained from HILIC-IMS-MS and RP-IMS-

MS platforms. The relationship between IMS CCS – molecular weight (MW) of peptide (A), 
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HILIC retention time - MW (B), HILC retention time - IMS CCS (C), RP retention time - MW 

(D), and RP retention time - IMS CCS (E) are illustrated via two-dimensional plots.  HILIC-

IMS-MS has an overall higher orthogonality compared to RP-IMS-MS in peptide analysis.  
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CHAPTER 8  

CONCLUSION 

The main focus of this work is improving the analysis of N-glycan through hydrophilic 

interaction liquid chromatogram (HILIC), ion mobility spectrometry (IMS), and mass 

spectrometry (MS). The first half of this work utilized HILIC-MS to examine glycan 

quantification and distinguish complex glycan isomers. The second half discusses the high 

resolving power of HILIC-IMS-MS in glycan applications. A database was developed as a 

toolbox for future high throughput applications. Orthogonality of different LC-IMS-MS systems 

were evaluated, providing an insight into the behavior of some LC-IMS-MS systems used in 

proteomics and glycomics.  

Chapter 3 examines relative abundance (%) of N-glycans released from the same sources 

but labeled with three different tags including: Procainamide (ProA), 2-aminobenzamide (2AB), 

and 2-aminobenzoic acid (2AA).  ProA has a tertiary amide group that enables good protonation 

in electrospray ionization (ESI) positive mode.  ProA-labeled glycans have overall high signal 

intensity with the high number of N-glycans detected in IgG4 (9 glycans) and human serum IgG 

(25 glycans). The structures of 2-AA and 2-AB lack protonation group and have low ionization 

efficiency in ESI positive mode. This cause increases in the limit of detection in the analysis of 

2-AA and 2-AB labeled glycans, which lead to lower number of N-glycans observed compared 

to those derivatized with ProA. The dissimilarities in glycan profile have led to differences in 

quantitative results. Relative quantitation of N-glycans is determined by choosing the most 

abundance charge state to calculate percentage of peak areas. Each tag with distinct chemical 
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structure has a preferred protonated charge state. Choosing only one charge state led to 

inaccurate and biased quantitative results amongst different tags. Significant differences in 

relative abundance were observed when considering only doubly charged state, but taking 

account of multiple charged states and adducts dramatically decreased the dissimilarities in 

quantitative results. The study found that different labels have distinct ionization and favoritism 

in protonated charge states, which affects LC-MS quantitative outcomes. 

Chapter 4 describes the ability of HILIC-MS/MS to differentiate challenging glycan 

isomers. Previous study has successfully resolved 4 linkage isomers of A3G3(Neu5Ac)3 in 

fetuin including Neu5Ac-(3 α2-3)-Gal, Neu5Ac-(2 α2-3, 1 α2-6)-Gal, Neu5Ac-(1 α2-3, 2 α2-6)-

Gal, and Neu5Ac-(3 α2-6)-Gal.12 The extracted ion chromatogram (EIC) of A3G3(Neu5Ac)3 

collected in this study displays seven resolved peaks, indicating more than four glycans were 

separated. The collected tandem mass spectrum found that the additional detection peaks were 

giving rise to species with Neu5Ac-(α2-6)-GlcNAc linkage. The study also demonstrated the 

distinguishment of (α2-3/α2-6) Neu5Gc species from (α2-3/α2-6) Neu5Ac glycan using HILIC. 

These results indicate the power of HILIC in separating high complex glycans with sialic acid. 

N-glycan released from Chinese Hamster Ovary (CHO) cells were also analyzed using HILIC-

MS/MS. A separation was achieved between the triantennary N-glycan and its Poly-N-acetyl-

lactosamine (poly-LacNAc) positional isomer with repeated Gal-(β1-4)-GlcNAc extension on 

one of the antennae. Overexpression of poly-LacNAc glycans is known to be associated with 

tumorigenesis.28, 29 The ability of HILIC in differentiating small PolyLacNAc glycans suggests 

HILIC is an ideal toolbox for application in early-stage diagnosis. HILIC-MS has been 

demonstrated as a powerful tool in separating linkages of isomers as well as positional isomers. 

The addition of IMS to HILIC-MS can significantly improve the resolving power and 
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completement the separation obtained in HILIC. A preliminary study was conducted and found 

that extra peaks were detected in IMS, indicating additional isomers were possibly resolved. 

Distinct ion mobility trace was obtained for each species, which can be used as an additional 

identification data for the characterization of N-glycans.  

Chapter 5 demonstrates the resolving power of a high-resolution ion mobility via the 

separation of α-Gal containing glycan from its non-α-Gal isomer. A2G2F is one of the most 

common N-glycans found in antibodies, but it has a positional isomer called A2G1(α-Gal)1F that 

contains an α-Gal linkage. HILIC-MS/MS struggled to distinguish between A2G2F and A2G1(α-

Gal)1F. A high-resolution IMS was employed with the effort to distinguish this group of 

isomers. The mobiligram of A2G2F (m/z 1003.9) from Cetuximab depicts two resolved peaks 

whose collision cross section (CCS) values were 434.5 ± 0.8 Å² and 444.6 ± 0.8 Å². The Gal 

linkages of the species giving rise to two observed peaks were identified via exoglycosidase 

digestions. Only β-Gal linkages were detected the peak at 434.5 Å², indicating A2G2F gave rise 

the 434.5 Å² peak. The existence of a-Gal linkage was confirmed at the 444.6 Å² peak and 

suggested the glycan gave rise to this peak is A2G1(α-Gal)1F. IMS successfully attained the 

separation of α-Gal glycan from its non-α-Gal isomer. This study reveals the ability of IMS in 

complementing the separation of HILIC to enable challenging separation required higher 

resolving power.   

Chapter 6 details the development of a Procainamide labeled N-glycan database involves 

three-dimensional data including: HILIC retention time, ion mobility CCS, and mass to charge 

values collected from MS. This platform covers 205 commonly found N-glycans in 

biotherapeutic products. Information on immunogenic glycans containing α-Gal linkage or 

Neu5Gc is also included. The dataset can be used as an assistance tool during analysis to help 
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provide accurate identification of isomers that cannot be distinguished using only one or two-

dimensional data analysis. The N-glycan database allows high accuracy during analysis and is 

suitable as a toolbox for high throughput applications.  

Chapter 7 discusses the orthogonality of LC-IMS-MS systems in glycomics and 

proteomics. Orthogonality evaluation has been extensively done for two-dimensional LC-LC 

systems, 145, 146 but orthogonal study of LC-IMS-MS platforms is still underdeveloped. 

Orthogonality of HILIC-IMS-MS and porous graphitic carbon (PGC)-IMS-MS was examined 

for N-glycans analysis.  The orthogonal metric of PGC-IMS-MS was higher than orthogonal 

metric calculated for HILIC-IMS-MS. This suggests future studies can use PGC-IMS-MS to 

target challenging glycan profiles that require a high resolving power system. The orthogonal 

study was also conducted for HILIC-IMS-MS and reversed phase (RP)-IMS-MS in proteomics. 

While RP is a more common LC mode in peptide analysis, HILIC-IMS-MS resulted in an overall 

higher orthogonal metric compared to RP-IMS-MS. The distinct behavior of HILIC-IMS-MS 

when analyzing peptides and N-glycans implies that the separation mechanism between the 

analytes and the participating separational dimensions plays a crucial role in orthogonality 

evaluation. Studying the orthogonality of multidimension systems enables better understanding 

of the separation mechanism involved and separation efficiency. 
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