
 

ABSTRACT 

WALKER, STEVEN HUNTER. Relative Quantification of N-linked Glycans in 
Complex Mixtures via Stable Isotope Labeling and Enhanced Analysis by Liquid 
Chromatography Coupled Online to Mass Spectrometry. (Under the direction of Dr. 
David Charles Muddiman). 
 
  

 Glycomics is a rapidly emerging field due to the ubiquity and functional 

importance of glycosylation in biological systems.  However, the current analytical 

tools for studying glycomics and glycoproteomics lag decades behind proteomics 

and, to a larger degree, genomics.  Additionally, the increasing advancements in 

separations and mass spectrometry technology (e.g. the Orbitrap) are not being fully 

taken advantage of due to the lack of reproducible, robust, and high-throughput 

front-end glycomics sample preparation strategies.  Thus, this dissertation describes 

an effort to develop a high-throughput chemical derivatization strategy for the 

relative quantification of N-linked glycans, which can be coupled to nearly any 

glycomics sample preparation procedure with minimal monetary and time cost. 

 The motivation for this work is the correlation between aberrations in 

glycosylation and disease.  Thus, a strategy capable of systematically comparing 

and quantifying glycan profiles between samples (e.g. control and cancer samples) 

would be invaluable in glycan biomarker discovery efforts.  Additionally, this work 

has been primarily developed in the most complex of biological matrices, blood 

plasma.  There are two main reasons for this:  1) because plasma is one of the most 

complex matrices, it is likely that this technique will be effective when applied to any 

other biological matrix, and 2) plasma samples can be acquired without invasive 



 

surgery.  This means that a screening method derived from biomarkers discovered 

in plasma will ultimately be inexpensive and non-invasive in practice.   

 Aside from the possible clinical value of this quantification strategy, this work 

has made significant contributions to the field of glycomics and fundamental 

analytical chemistry including both experimental and practical advantages.  By 

developing tunable glycan reagents, it has been shown that these tags are capable 

of both relatively quantifying N-linked glycans and systematically decreasing the 

detection limits of N-linked glycans in plasma samples using mass spectrometry.  

Because glycomics strategies often involve numerous sample preparation steps, the 

addition of chemical derivatization typically only further complicates the preparation.  

However, the strategy presented herein requires only 4 hours of total additional 

sample preparation time (samples can be processed in parallel), and the reaction 

products can be immediately analyzed.  This is a significant advantage over 

traditional glycan derivatization strategies such as permethylation and reductive 

amination. 

 Finally, this work has also contributed to the fundamentals of analytical 

chemistry and, more specifically, mass spectrometry.  By tuning the glycan reagents 

with different functional properties, the mechanism for the generation of gas phase 

ions in electrospray ionization was able to be studied, and using these results, 

biases in the electrospray process were able to be exploited for the enhanced 

detection of glycans by mass spectrometry.   Furthermore, liquid chromatography of 

glycans is often coupled online to mass spectrometry for the separation of glycans 

just before mass analysis, and traditionally, glycans are not able to be retained and 



 

separated using reverse phase chromatography (the most robust separation 

strategy for biological analytes).  However, using the reagents developed and 

presented herein, the separation of glycans by reverse phase liquid chromatography 

is not only possible, but it is advantageous, allowing for increased separation 

efficiency and an increase in the total number of glycans detected.  A significant 

practical advantage of this strategy is the ability to analyze glycan samples on the 

same instrument platform as a majority of proteomic strategies.  This significantly 

increases the efficiency of joint proteomic and glycomic laboratories and facilitates a 

more comprehensive systems biology approach to bioanalytical chemistry.  
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CHAPTER 1 

An Introduction to the Analysis and Relative Quantification of N-linked 
Glycans by Liquid Chromatography Coupled Online to Mass Spectrometry 

 

1.1 Glycomics and Biological Importance 

Glycosylation is a post-translational modification ubiquitous in nature, and it is 

estimated that more than 50% of all gene products are glycosylated.1  Furthermore, 

it is estimated that of the entire translated genome, 0.5-1% of all gene products are 

involved in the glycosylation process.2-3  Glycans take part in regulating numerous 

biological processes including cell-cell interactions, cellular recognition, adhesion, 

cell division, immune response, protein folding, and protein stability.4  Due to the 

importance of these roles in biology, aberrations in glycosylation patterns can 

potentially be detrimental. By monitoring these aberrations, one can potentially 

correlate up- or down-regulation of these glycans with the onset of disease (e.g. 

cancer) and develop screening methods based on their quantification. 

Glycosylation of proteins can be organized into two main groups:  N-linked 

glycans, and O-linked glycans.5  However, this introduction and following 

dissertation will focus on N-linked glycosylation.  N-linked glycans are unique from 

O-linked glycans in that there are several available enzymes that can specifically 

cleave the glycans from proteins, and the most common, peptide: N-glycosidase F 

(PNGase F), is commercially available.6  This makes the analysis of N-linked 

glycans much more feasible.  Additionally, the presence of a reducing terminus after 

cleavage is a property necessary for several different types of derivatization, 
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including hydrazone formation (vide infra).  N-linked glycosylation occurs throughout 

the secretory pathway in the endoplasmic reticulum and golgi apparatus (Figure 

1.1).4  N-linked glycans are synthesized biologically in a semi-template driven 

process where a core glycan (GlcNAc2Man9Glc3) is synthesized and transferred to 

the protein via a highly regulated process in the endoplasmic reticulum.  However, 

 
 

 

Figure 1.1 – The biosynthetic generation of the N-linked glycan precursor attached 

to every N-linked glycoprotein (top).  Once attached, the precursor glycan is then 

trimmed by a series of glycosidases, and monosaccharides are added by a series of 

glycotransferases in both the endoplasmic reticulum and golgi apparatus (bottom). 
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once the precursor glycan is attached to the protein, terminal elongation by trimming 

and addition of monosaccharide units occurs in a non-regulated manner that is 

determined by substrate levels and the presence of specific glycosidases and 

glycotransferases.5  This terminal elongation mechanism allows for different glycans 

to be attached to the same glycosylation site on different copies of the same protein.  

Thus, copies of the same protein located in different parts of the cell or in a different 

environment may have significantly different glycosylation patterns leading to 

different protein folding, function, and/or interaction.  

The non-regulated terminal elongation facilitates aberrant glycosylation due to 

changes in environment, such as the onset of disease.  Protein glycosylation studies 

have correlated aberrations in glycosylation patterns with numerous diseases, 

including cancer.  Robbins and coworkers first described the disparity in the size of 

membrane glycoproteins between healthy and diseased fibroblasts,7 and aberrant 

glycosylation patterns were first linked to cancer in 1978, where it was shown that 

the glycosylation of α1-antitrypsin is altered in lung, prostate, and gastrointestinal 

cancers.8  It is hypothesized that glycans can fulfill the role of being sensitive and 

specific biomarkers for targeted screening9 due to the increased number of studies 

providing evidence for the correlation of aberrant glycosylation and cancer.10-14 

Additionally, this has been further shown in numerous recent manuscripts 

demonstrating aberrant glycosylation in several different cancer types15 including 

breast,16-18 prostate,19-20 liver,21 ovarian,22-26 pancreatic,27 etc.  
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1.2 N-linked Glycan Analysis Strategies 

1.2.1  Overview 

The mass spectrometric (MS) analysis of protein glycosylation has 

traditionally been difficult in comparison to proteins or nucleotides due to several 

factors including the structural and isomeric complexity, the hydrophilicity making 

glycans more difficult to ionize via electrospray ionization (ESI), and the instability of 

some monosaccharide residues.28  Because of these complexities, there have been 

 

 
Figure 1.2 – Glycomics encompasses numerous methods for studying protein 

glycosylation, including studying the glycans attached to proteins (top – beige) and 

free oligosaccharides (bottom – blue).  Each of these strategies is made up of many 

different technologies to look at different types of glycosylation, different 

glycosylation sites, and amounts of glycans present. 
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numerous strategies developed such that protein glycosylation information can be 

acquired.  Figure 1.2 displays the two major methodologies in which glycans can be 

analyzed by MS: 1) attached to proteins/peptides (glycoproteomics) or 2) as free 

oligosaccharides (glycomics).  Glycoproteomics (Figure 1.2 – Top) is often used to 

profile not only the glycan, but also the site of glycosylation and protein/peptide 

sequence.29-31  This is accomplished in either a ‘top-down’ or ‘bottom-up’ fashion, 

where the glycoproteins/glycopeptides are enriched using lectin affinity techniques 

and then analyzed by liquid chromatography coupled online to mass spectrometry 

(LC-MS).   

The second method for studying protein glycosylation is by chemically or 

enzymatically releasing glycans from the proteins and analyzing the resulting glycan 

profiles (Figure 1.2 – Bottom).  Releasing glycans from proteins affords several 

advantages when analyzing glycans.  First, the number of glycans to be detected is 

significantly less than the number of proteins, and to a larger degree peptides, 

limiting the complexity of the measurement.  Additionally, releasing glycans from 

proteins also allows access to the reducing terminus of the glycan.6  Numerous 

derivatization techniques take advantage of the free aldehyde group at the reducing 

terminus of the glycans32-33 including reductive amination,34-38 prazolone formation,32, 

39-42 aminooxy labeling,43-44 and hydrazone formation.45-54  This allows for 

incorporation of hydrophobic tags,35-36, 45-46, 50, 55-56 UV and fluorescence labels,55, 57-

59 and stable isotopes for quantification.34, 38, 43-44, 60-61 
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 There are several methods for the release of N-linked glycans, both chemical 

and enzymatic.62-64  Enzymatic release of N-linked glycans is common due to the 

widely available Peptide: N-glycosidase F (PNGase F) enzyme.  PNGase F cleaves 

the glycans between the asparagine and the reducing end N-acetylglucoseamine 

(GlcNAc).  The main drawback of PNGase F is that it is unable to cleave core α(1-3) 

fucosylated glycans often found in plants.  However, PNGase A is capable of 

removing all N-linked glycans from proteins65-67 but is currently not well studied and 

therefore less robust than PNGase F.  Additionally, endoglycosidases can be used 

to release a portion of N-linked glycans depending on the specific enzyme.68  

Enzymatic release is much more limited in O-linked glycosylation due to the 

specificity of the enzymes available (O-glycanase).69 

 Cleavage of both N-linked and O-linked glycans can also be achieved by 

chemical release methods.  The most commonly used chemical release method is 

hydrazinolysis.70-74  This method is able to semi-selectively cleave N-linked and O-

linked glycans depending on the temperature at which the reaction is carried out.  

This method has several drawbacks including the use of anhydrous hydrazine, 

which is extremely toxic and explosive, though a recent report has shown that 

hydrazine monohydrate can be an acceptable substitute if certain conditions are 

used.74  Additionally, a natural byproduct of hydrazinolysis is the loss of 

monosaccharide units from the reducing terminus, known as peeling.  This is 

detrimental to glycan analysis because it does not allow derivatization at the 
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reducing terminus, although studies have recently shown that certain cleavage 

conditions may yield significantly less peeling.73   

An alternative chemical release strategy is reductive β-elimination23, 75-77  and 

has been reported for both N-linked and O-linked glycans.  This technique releases 

the glycans at the reducing terminus.  However, in order to minimize peeling as in 

hydrozinolysis, it is necessary to reduce the released glycans to alditols.62  This is an 

additional disadvantage, as generally glycan alditols do not have the same capability 

for derivatization at the reducing terminus.  Despite this, β-elimination has been 

demonstrated in the analysis of N-linked glycans cleaved from ovarian cancer 

samples toward glycan biomarker discovery efforts.23 

 

1.2.2 Derivatization Strategies 

Chemical derivatization, although it can add extensive sample preparation 

time and/or analytical variability, is often used to enhance the information acquired 

from MS.  Permethylation78-81 and peracetylation79, 82 are two of the first methods 

used to derivatize glycans for enhanced MS analysis (Figure 1.3a).  Though these 

methods are beneficial and enhance fragmentation spectra as well as increasing 

glycan ion abundance by incorporating hydrophobic surface area, permethylation 

and peracetylation convert all hydroxyl, amino, and carboxylic acid groups to their 

respective ether-functions, and thus, the m/z shift is variable for different sized 

glycans.  Additionally, 100% conversion has proven difficult as one must derivatize 

up to 50 sites per glycan.  In contrast, the reducing terminus is a convenient location 
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for derivatization due to the availability of a free aldehyde group after the enzymatic 

cleavage of N-linked glycans from proteins using PNGase F.6  Here, tags with a 

small, fixed mass shift can be incorporated onto the reagents.  Reductive amination 

(Figure 1.3b) is a prominent technique capable of reacting with the reducing 

terminus of N-linked glycans and has been used to enhance several analytical 

techniques including UV and fluorescence detection55, 59, 83-84 and hydrophobic 

 

 
 

Figure 1.3 – Several common derivatization strategies for N-linked glycans.  A)  

Permethylation converts all hydroxyl, amino, and carboxylic acid groups to their 

respective methyl ester.  B)  Reductive amination is the most popular reducing 

terminus derivatization strategy, and tags such as 2-AB and 2-AA are commercially 

available.  However, reductive amination requires a clean-up step after reaction 

introducing variability into the method.  C)  Hydrazone formation is also a reducing 

terminus derivatization strategy.  However, the reaction products can be directly 

injected onto an LC column. 
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derivatization.34-37  Though this method is effective, an additional significant clean-up 

step is necessary after derivatization, which often increases sample preparation 

time, the opportunity for sample loss, and the analytical variability in the 

measurement.   

Hydrazone formation (Figure 1.3c) is an attractive alternative derivatization 

strategy in which hydrazide reagents react at the reducing terminus of glycans 

(much like reductive amination) but does not involve reducing the glycan to a Schiff 

base using salts such as sodium borohydride.32  Thus, when using hydrazone 

formation, the product can be directly injected onto the nano-LC column due to the 

lack of salts necessary in the reaction mixture.  Danzylhydrazine47 was the first 

reagent to be coupled to glycans via hydrazone formation for enhanced fluorescence 

or UV detection.52-53, 85  More recently, hydrazone formation has been used for 

enhanced MS detection,45 though an abundance of these reagents is not readily 

available.  Girard’s T reagent was first used to increase mass spectral detection in 

order to incorporate a permanent cationic charge onto the glycan.45  However, 

recent studies have shown decreases in ion abundance when coupling Girard’s T 

reagent to glycans in nanoLC MS,46 and it has been shown that hydrophobic 

derivatives of Girard’s T reagent are capable of increasing the ESI efficiency of N-

linked glycans by more than 4-fold in an LC-MS experiment.46 
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1.2.3  Relative Quantification Strategies 

A general scheme for relative quantification of glycans using stable-isotope 

labeling is presented in Figure 1.4.  In these types of experiments, two glycan 

samples are differentially labeled (one light and one heavy), mixed, and analyzed by 

MS.  This allows the two samples to be analyzed in the same LC-MS run, which 

minimizes the ESI and MS (technical) variability.  Additionally, the ideal light and 

heavy reagents are indistinguishable from each other except for the mass.  Thus, 

the light- and heavy-tagged glycans will behave identically in all facets of analysis 

but will be separated by mass in the MS.  By measuring the ion abundances for the 

light and heavy peaks for each specific glycan, the relative amounts of each glycan 

in the two samples can be measured. 

Three N-linked glycan relative quantification strategies have been developed 

that involve variations in permethylation:  1) stable-isotope labeling via 

deuteriomethyl iodide,86 2) stable isotope labeling via 13CH3,
87 and 3) QUantitation 

by IsoBaric Labeling (QUIBL) using 13CH3I and 12CH2DI.88  Novotny and coworkers 

utilize permethylation of glycans using either methyliodide or deuteriomethyliodide in 

order to differentially label two glycan samples.86  Because the methyl or 

deuteriomethyl groups are incorporated at each hydroxyl, amino and carboxylic acid 

group, each glycan will have a 3 Da mass shift per functional group methylated.  In a 

similar study, Orlando and coworkers, permethylate with 13CH3.
87  Again, the labels 

are incorporated at each of the hydroxyl, amino, and carboxylic acid groups, and the 

mass shift is variable per glycan. 
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Orlando and coworkers also exploit permethylation for the quantification of 

glycans, however, 13CH3I or 12CH2DI are used to differentially permethylate 

samples.88  In this case, the two derivatization groups have the same nominal mass, 

but an exact mass difference of 0.002922 Da is observed per methylation site.  

Since all N-linked glycans have at least 20 methylation sites, the mass shift is > 

 

 
 

Figure 1.4 – A generic schematic for the relative quantification of N-linked glycans 

using stable-isotope labeling and analysis by LC-MS.  Two samples are differentially 

labeled, mixed, and analyzed in the same LC-MS run.  However, in the mass 

spectrum, each glycan from the two samples is separated by mass and relatively 

quantified based on ion abundance. 
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0.058 Da, and a mass spectrometer with 30,000 resolving power is able to resolve 

these two m/z.  All of these methods are used to relatively quantify glycans from two 

separate samples in the same mass spectrometric run.  Additionally, both samples 

are prepared individually and then mixed together before mass spectrometric 

analysis.  This technique affords the advantage that ionization and measurement 

variability from run to run by ESI/MALDI MS analysis is exactly the same for both 

samples.   

One major disadvantage to these studies where permethylation is used to 

incorporate stable isotopes is that due to the numerous hydroxyl, amino, and 

carboxylic groups present in oligosaccharides (~5 per monosaccharide and 7-18 

monosaccharides per N-linked glycan), a 0.1% change in the permethylation 

efficiency between two samples can result in a 3-10% difference in ion abundance 

depending on the type and size of the glycan.  Thus, the two samples must be 

permethylated with identical efficiency in order to confidently quantify glycans.  

Additionally, all of these methods use deuterium labeling, which is known to have a 

different chromatographic shift than hydrogen in LC.  Thus, a multiple deuterio-

labeled glycan can elute from a liquid chromatography column at a different time and 

in different mobile phases causing a possible change in ionization efficiency 

between the two samples and skew quantification. 

Two other relative quantification strategies involve derivatization by stable-

isotope labeled reductive amination reagents, GRIL38 and tetraplex stable-isotope 

coded tags.34-35  Cummings and coworkers have developed Glycan Reductive 
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Isotope Labeling (GRIL) utilizing [12C6]aniline and [13C6]aniline in order to 

differentially label glycan samples, combine 1:1, and analyze in the same MS.38  A 

comparable method has been developed by Zaia and coworkers,34-35 where a 

reductive amination reagent has been developed such that 4 tags can be used all 

with a different number of deuterium atoms incorporated (+0, +4, +8, +12).  This is 

the first reagent that has the ability of tetraplex quantification of glycans.  The 

authors were able to quantify the relative amounts of N-linked glycans from the 

plasma of four different species in the same mass spectrum.  However, the mass 

shift of only 4 Da per tag is an inherent disadvantage to this method and creates 

overlapping isotopic distributions which involve theoretical simulations to 

deconvolute the data and determine relative abundances.  Additionally, deuterium is 

used which can cause a chromatographic shift, introducing ionization and mass 

spectrometric variability (vide supra).   

Tandem mass tags (TMTs) are a specific type of SIL tags for derivatization in 

a unique method of SIL-MS relative quantification, originally developed for 

proteomics measurements.89-90  This technique uses isobaric tagging reagents made 

up of a mass reporter group, a mass normalization group, and a cleavable linker 

between the two groups.  The TMTs are synthesized such that stable isotopes are 

incorporated in the mass reporter group for the first tag, and stable isotopes are 

incorporated in the mass normalization group for the second tag.  Thus, in full scan 

MS, the two tags cannot be differentiated from each other.  However, when 

dissociating in MS/MS, the cleavable linker is fragmented.  Thus, the reporter group 



14 
 

pair (one with SIL and one without) is separated by mass, detected, and the ion 

abundance ratios are used for relative quantification.  This technique is often 

preferred over standard light/heavy SIL-MS strategies because the latter inherently 

is two-times as complex, due to two m/z peaks for each analyte.  In contrast, in TMT 

experiments, the tags are isobaric and are detected as one m/z per analyte until it is 

chosen for fragmentation. 

Recently, TMTs have been developed for glycans using hydrazide and 

aminooxy reagents.43  However, in this study, a non-labeled tag was also 

synthesized so that light/heavy relative quantification in the full scan MS can be 

compared to the TMT approach.  It was shown that using these TMTs, this 

technology is not capable of quantifying as well as the previously reported 

light/heavy SIL strategy.  This is thought to be due to the cleavable linker having a 

higher energy of fragmentation than the glycosidic bonds in glycans.  This results in 

over-fragmentation and a low signal-to-noise ratio for the reporter ions.  These 

experiments do suggest that well-designed TMTs could be beneficial to the field. 

Orlando and coworkers have developed a novel method to metabolically label 

glycans in cell culture (Figure 1.5), Isotopic Detection of Aminosugars With 

Glutamine (IDAWG).91  In glycan biosynthesis, the only method for the incorporating 

nitrogen into glycan molecules is through the hexosamine biosynthetic pathway.  

Here, the side chain of glutamine is the soul donor source of nitrogen for the 

production of aminosugars and sugar nucleotides, molecules which transfer 

individual monosaccharides to glycans during glycan biosynthesis.  By doping in 
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only 15N labeled glutamine into a glutamine deprived media, one can grow cells with 

glycans that are differentially label at the all monosaccharides containing nitrogen 

and incorporate a 1 Da mass shift per HexNAc, GalNAc, and NeuAc in the glycans.  

This method has a significant advantage over all previous derivatization techniques 

in that after the cells are grown they can be mixed together and all subsequent 

sample preparation steps are performed in the same vial, significantly reducing the 

sample preparation variability.  However, the main drawback is that this study can 

only be performed in which an organism can be metabolically labeled with 15N, which 

is limited to cell culture at present. 

 

 

 
 

Figure 1.5 – IDAWG relative quantification strategy for glycans using metabolic 

labeling in cell culture.  This method is advantageous over chemical derivatization 

because it reduces the amount of parallel sample preparation, thus reducing the 

variability of the method. 
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1.3 Glycan Separation by Liquid Chromatography 

1.3.1  Overview 

The analysis of N-linked glycans from complex biological samples such as 

cell lysates, tissue lysates, or plasma involves measuring on the order of 100 

analytes with significantly different molecular properties, molecular weights, and 

endogenous abundances.  Because of this, it is often necessary to perform liquid 

chromatography (LC) separation prior to MS analysis.  This allows hydrophobic 

molecules to elute at different times than more hydrophilic molecules, which reduces 

competition in the ESI process (vide infra).  Additionally, the large dynamic range of 

N-linked glycans hinders analysis due to the fixed number of charges allowed to be 

detected at one time in FTMS instruments.  Thus, separation of high abundance 

glycans from lower abundant glycans allows for lower abundant glycans to comprise 

a larger fraction of the total ions in the mass spectrometer, increasing the ion 

abundance, decreasing detection limits, and increasing the dynamic range of the 

instrument.   

 

1.3.2  Glycan Separation Strategies 

Many different types of liquid chromatography platforms have been used in 

the separation of glycans92-93  including both normal94 and revere phase (RP)95, ion 

exchange16, on- and off-line, and capillary and chip-based systems93, 96-97.  Native 

glycans are not retained in RPLC due to the polar nature of the glycans and 

nonpolar nature of the stationary phase.  However, RPLC can been used to 
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separate derivatized glycans when the derivatization imparts enough nonpolar 

molecules that the glycans are retained (permethylation or hydrophobic 

derivatization).98  The two stationary phases that are most commonly used to 

separate native glycans are bonded HILIC stationary phases99-100 and graphitized 

carbon stationary phases.101-102   

HILIC and graphitized carbon separation techniques efficiently separate 

native and reduced oligosaccharides; however, both techniques involve “mixed-

mode” separation methods that are a combination of hydrophobic/partitioning and 

ionic/adsorption interaction that must be further studied in order to elucidate the 

exact mechanism of separation.99-103  A recent study compared the two nano-flow 

LC techniques using Amide-80 stationary phase (HILIC) and graphitized carbon 

stationary phase.23  The authors reported excellent performance for both separation 

techniques; however, heavily sialylated glycans were permanently retained on the 

graphitized carbon stationary phase (a problem also reported in an alternate 

study102), and the life of the graphitized carbon column was much shorter than that 

of the HILIC column.  Additionally, the development and miniaturization of HILIC 

stationary phases have exceeded that of graphitized carbon stationary phases.101 

HILIC has been used frequently for the separation of both native23, 94, 104-106 

and derivatized34, 38, 46 glycans in online LC-MS experiments92 and is often used for 

glycomic analyses due to the strong retention of polar compounds in comparison to 

RP stationary phases.  HILIC is analogous to a normal phase chromatographic 

method where a polar stationary phase is used, and water is the strong eluent.  
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Analytes are separated by a mixture of partitioning between a water-enriched layer 

on the surface of the stationary phase and adsorption to the stationary phase.99-100, 

107-108  An amide stationary phase allows for a water-enriched layer to form on the 

surface of the stationary phase, and, depending on the hydrophilicity of the analyte, 

molecules spend different amounts of time in this stagnant water layer.  Thus, 

partitioning results in separation by hydrophobicity with the most hydrophilic 

molecules being retained on the column and the hydrophobic molecules eluting first 

(opposite to RPLC).  Additionally, molecules can be retained on the column by 

adsorbing to the stationary phase.  Molecules that participate in adsorption typically 

have physical properties that facilitate interaction with the functional groups on the 

stationary phase, such as molecules that have large dipole interactions, hydrogen 

bonding, etc. 

Glycan analysis strategies often evolve and benefit from previous or current 

proteomic strategies.  One of the most effective proteomic strategies is online 

separation by RPLC coupled online to ESI MS.  However, the translation of this 

technology to the field of glycomics has been difficult for numerous reasons 

including the lack of retention on RP columns and the suppressed ESI response of 

the much more hydrophilic glycans.  Derivatization of N-linked glycans can be used 

to increase the hydrophobicity enough for glycan separation by RP chromatography 

(Figure 1.6).  There are several disadvantages in HILIC that have been reported in 

comparison to RP chromatography including peak fronting and tailing, column bleed, 

irreversible sorption, and slow equilibration times.109  These problems can be 
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overcome by switching the HILIC stationary phase109 or increasing the buffer 

concentration.110  Additionally, HILIC separation efficiency is generally accepted to 

be inferior to RP chromatography,111-112 and though this depends on the analyte and 

the type and amount of buffer reagent, peak widths tend to be broader in HILIC than 

RP chromatography.  This decreases the peak capacity of the separation and 

increases the possibility for competition of analytes in the electrospray droplet, which 

can significantly hinder glycan analysis.  This inferiority is thought to be due to the 

relatively limited studies of the fundamental chemistry of HILIC in comparison to RP 

and the relative newness of the separation technique (Alpert coined the term HILIC 

 

 
 

Figure 1.6 – The observed retention behavior of native and derivatized N-linked 

glycans in HILIC (a and b) and RP (c and d) chromatography.  The magnitude of the 

arrows indicates the observed relative amount of interaction of the glycan with the 

stationary phase.  The N-linked glycan shown is a general hexose structure to 

demonstrate the collective behavior of the maltodextrin glycans. 
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in 199099).112 Furthermore, researchers must choose from a large collection of 

different HILIC stationary phases, each of which is often optimized for a specific type 

of analyte and/or has limited studies of separation efficiency.112  Our group has 

generated data previously that show a range of separation efficiencies depending on 

the N-linked glycan composition in HILIC with the peak widths (FWHM) ranging from 

just under 1 minute to several minutes.23  This is in contrast to the same 

chromatography instrument platform using RP C18 stationary phase for peptide 

analysis, which consistently produces peak widths ≤ 30 seconds.113  This disparity 

leads one to the hypothesis that it is possible to significantly enhance the analysis of 

N-linked glycans by separating glycans with RP chromatography rather than HILIC. 

 

1.4 Electrospray Ionization  

1.4.1  Overview 

In mass spectrometry, the first process that must occur before detecting the 

analyte of interest is to generate gas phase ions.  For non-volatile analytes, such as 

large biomolecules, this had proven to be a challenging task.  However, upon the 

invention of electrospray ionization (ESI),114 it became possible to generate multiply-

charged gas phase ions from analytes in solution.  Today, in biological studies 

where the analytes are typically large (> 1 kDa), ESI is one of the two ionization 

sources most often employed along with Matrix Assisted Laser Desorption/Ionization 

(MALDI).  MALDI is an enticing choice for the ionization of glycans due to the short 

analysis times, the high throughput of samples, and the tolerance for contamination 
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such as salts.  However, ESI is often chosen in glycan analysis for 2 reasons:   1) 

MALDI imparts more internal energy into the molecules during ionization than ESI 

(known to cause in-source fragmentation of the glycosidic bonds primarily with sialic 

acid residues23), and 2) ESI can be directly coupled to liquid chromatography for the 

online fractionation of glycan samples just prior to injection into the MS.  The primary 

reason that ESI is not ubiquitous for glycan analysis is the fact that ESI creates an 

inherent bias for the ionization of hydrophobic molecules (vide infra).115  This is an 

extreme hurdle for glycan analysis due to the hydrophilic and polar nature of the 

sugar residues. 

 The invention of nano-flow ESI116 has significantly enhanced the analysis of 

glycans in MS and allows underivatized, native glycans to be analyzed with ion 

abundance and signal-to-noise ratios comparable to peptide analysis.117  In 

nanospray, lower flow rates generate smaller droplets with a larger surface to 

volume ratio,116 and this increases the surface activity of the more solvated, 

hydrophilic glycans, increasing the ionization efficiency entering the MS.  Several 

studies have shown the increased sensitivity, ion abundance, and decreased 

detection limits of glycans when moving from micro- to nano-flow ESI,95, 117 and can 

be rationalized by understanding the mechanism of electrospray.   

 

1.4.2 The Generation of Gas Phase Ions in Electrospray Ionization 

ESI is a soft ionization source (limited source fragmentation) that affords the 

advantage of multiple charging of large biomolecules. The ESI mechanism is still in 
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debate, but in general, it has been accepted that the analytes are dissolved in small 

droplets that have a surplus of charge (H+ in positive mode) on the surface due to 

the electrochemical reaction in the capillary floating at ~2 kV and are ejected from 

the electrospray emitter tip in the form of a “Taylor cone”.118 These droplets undergo 

a series of desolvation and fission processes and eventually produce individual gas-

phase ions.  The ion formation mechanism from electrospray droplets typically 

adopts one of two theories, either the charged residue model119-120 or the ion 

evaporation model.121-123  Dole et. al.119-120 proposed the charged residue model, 

where the droplets undergo several “Coulombic explosions” that eventually give rise 

to progeny droplets containing only one analyte molecule.  This droplet is further 

desolvated until all the solvent is evaporated leaving only a gas-phase analyte ion.  

The ion evaporation model, proposed by Iribarne and Thomson,121-123 and later 

supported by Fenn,115 also describes a series of desolvation and Coulombic fission 

events.  However, in this scenario, the fission events and desolvation result in 

progeny droplets with a charge density so great that the electrostatic field at the 

droplet surface is sufficient to eject the surface analytes from the droplet as gas-

phase ions.  Recently, it has been hypothesized that both mechanisms are present 

in ESI depending on the physical and chemical properties of the solvents and 

analytes.124   

In either model, the hydrophobic bias detrimental to glycan analysis is 

introduced at two different stages during the ESI process (Figure 1.7).  First, as the 

droplets are being desolvated, they reach the Rayleigh limit, and when this occurs, 
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several droplets (estimated at 20125-126) are ejected from the surface of the 

droplet.127  When these smaller progeny droplets are ejected, they are composed of 

solvent, analyte, and an abundance of charge from the surface of the parent droplet.  

Because the more hydrophobic molecules will have a higher surface activity in the 

parent droplet than the hydrophilic analytes,128 the hydrophobic molecules are 

significantly enriched in the progeny droplets, and it is these droplets which go on to 

form gas-phase ions.  Moreover, the hydrophilic molecules remain in the larger 

parent droplet that has a decreased charge to volume ratio, further decreasing the 

chance for the hydrophilic molecules to be ionized.117   

 

 

 
 

Figure 1.7 – A depiction of the hydrophobic bias in ESI.  As the droplets are moving 

toward the MS, they are being desolvated, and the charge to surface area ratio is 

increasing, creating columbic repulsion.  Progeny droplets are ejected from the 

surface, and the hydrophobic molecules are enriched in these droplets.  It is from 

these droplets that gas phase ions are formed, creating the hydrophobic bias. 
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The second stage of hydrophobic bias occurs in the progeny droplets.  In 

order to form gas-phase ions, the analytes must overcome the surface tension of the 

droplet.  Hydrophilic molecules interact more favorably with the solvent in these 

progeny droplets, resulting in a higher free energy of solvation in comparison to 

more hydrophobic molecules.115, 129  Due to this interaction with the solvent, 

hydrophobic analytes require less energy to be ejected as gas phase ions.  This two-

stage hydrophobic bias in ESI has made the MS and MS/MS analysis of glycans 

much more difficult than that of proteins and peptides but can be exploited to 

enhance ESI efficiency.   

 

1.4.3  Exploiting the Hydrophobic Bias for Increased ESI Efficiency 

 The hydrophobic bias in ESI has been exploited for large biomolecules in 

order to increase ionization efficiency, thereby decreasing detection limits.  The 

hydrophobic bias was first utilized when researchers observed that one strand of 

PCR product had a biased ion abundance over the complimentary strand in ESI 

MS.129  The researchers were then able to take advantage of this bias when the 

ionization efficiency of a nucleic acid 20-mer was selectively enhanced by adding an 

alkyl chain to the 5’ terminus.  The hydrophobic bias was then used to enhance the 

signals of peptides and proteins.130-138  In these studies, hydrophobic small 

molecules were used to derivatize peptide and protein functional groups such as 

primary amines,137 the guanidine group on arginine,138 and the thiol group on 

cysteine.130-136  The most beneficial of these studies reports a >2000-fold 
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enhancement in the ion abundance of a peptide when derivatized with a 

hydrophobic molecule.135 

 Due to the hydrophilic nature of glycans in comparison to peptides and 

proteins, it is hypothesized that derivatization of glycans with hydrophobic moieties 

has the potential to significantly enhance glycan analysis by ESI MS.  There have 

been several reports of increasing glycan ion abundance in ESI MS via 

derivatization,35-36, 45-46, 50, 55-56 but few of these studies have actively sought to 

develop reagents with extensive hydrophobic properties in order to significantly 

increase ESI efficiency.  A recent study has modified Girard’s T reagent (which has 

been shown to increase glycan ion abundance45) to accomplish this task, and it was 

shown that glycan ion abundance can be increased more than 4-fold in comparison 

to the native glycan.46 

 

1.5 Fourier Transform Mass Spectrometry 

1.5.1  Overview 

N-linked glycan analysis by mass spectrometry is often significantly less 

complex than typical proteomic experiments, which can contain tens of thousands of 

analytes.  Though glycans are significantly more complex structurally and 

biosynthetically than proteins due to their non-linear nature, branching, and isomeric 

possibilities,139 nature significantly limits the number of compositions of N-linked 

glycans actually observed.96, 140  Though each composition can be made up of 

numerous isobaric isoforms, these are indistinguishable in a mass spectrometer, 
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and a high resolving power mass spectrometer is capable of uniquely measuring 

nearly all possible N-linked glycan compositions.43, 96, 140 

In order to profile all N-linked glycans by LC-MS, without pre-fractionation, it is 

necessary to use a MS that is capable of sensitive and high mass measurement 

accuracy (MMA) analysis.  An example of this is presented in Figure 1.8, where it is 

shown that by measuring only the exact mass of analytes, the mass excess (exact 

mass minus the nominal mass) is capable distinguishing between classes of 

 

 

 

Figure 1.8 – A density plot of the mass excess vs. the m/z for a lipid database.  The 

N-linked plasma glycan mass excess values are overlaid and are shown to fall in 

‘forbidden’ zones in the lipid density plot. 
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biomolecules.  The density plot in Figure 1.8 consists of the mass excess vs. the 

m/z of a lipid database.  The mass excess of N-linked glycans found in human 

plasma is overlaid.  It is seen that the glycans generally fall into ‘forbidden’ zones 

(dark blue regions) in the lipid density plot.  This information adds confidence to the 

measurement and identification of N-linked glycans. 

An additional strategy that researchers often use to add confidence to the 

measurement of a glycan, is the use of tandem MS that allows for both precursor 

mass analysis and also selection and fragmentation of a specific m/z value.  These 

experiments are often performed using hybrid mass spectrometers, where ion 

trapping and detection can occur simultaneously (vide infra).  Fourier Transform 

mass spectrometers (FTMS) satisfy each of these requirements, and recent 

developments in ion optics and mass analyzer technology have significantly 

improved the speed and quality at which these measurements can be made. 

 

1.5.2  Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 

Fourier Transform ion cyclotron resonance (FTICR) mass spectrometers are 

the first generation of FTMS instruments and provide high mass MMA (<5 ppm) and 

high resolving power (RPm/z=400 = 100,000) measurements.141  Resolving power is 

the ability of the mass spectrometer to separate ions with similar m/z, and in FTMS 

instruments is proportional to the amount of time that the analytes are measured.  

MMA is the measure of how accurately a mass spectrometer can measure mass.  
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This is described in Equation 1.1, where Mexp is the experimental mass and Mtheo is 

the theoretical mass. 

 

    (   )   
       h  

  h  
       Equation 1.1 

 

FTICR instruments are able to acquire very accurate mass analysis data by 

taking advantage of the m/z dependence of gas phase ions in a magnetic field.  The 

FTICR mass analyzer (ICR cell) is located within the bore of a superconducting 

magnet with a homogeneous magnetic field, and once ions are introduced into the 

FTICR cell, they assume a natural cyclotron motion due to the Lorentz force.142-145  

An RF voltage is applied to the two excitation plates and the ions are excited in order 

to increase the radius of cyclotron motion (Figure 1.9).144-145  This will cause phase 

coherence of ions with the same m/z, and as the ion packet passes by the detection 

plates, a current is induced, which is then measured over a given time period, 

producing a sinusoidal time domain.  The time domain is a combination of signals of 

different ion packets that must be de-convoluted using a fast Fourier Transform.146  

A fast Fourier Transform converts the time domain of each packet of ions into a 

frequency spectrum which can subsequently be converted into a mass spectrum 

using Equation 1.2.  The frequency (ω0) is directly proportional to the inverse of the 

m/z and the magnetic field (B0).  In an FTICR, the resolving power is proportional to 

the magnetic field strength (B0) and the time of acquisition (Equation 1.3).   
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  Equation 1.3 

 

1.5.3  Orbitrap Mass Spectrometery 

 The next generation of FTMS instruments is based on electrostatic fields 

rather than magnetic; the Orbitrap mass spectrometer is similar to FTICR 

instruments in that ions are trapped in the analysis cell, and sinusoidal frequencies 

are measured in order to achieve high resolving power and high MMA.  However, 

the main difference is that an electric field is used to stabilize the ions in the Oribtrap 

rather than a magnetic field as in FTICR.  The ability to trap ions using only an 

electric field was first demonstrated in 1923 when Kingdon147 showed that ions can 

be trapped using a metal can with a charged wire spanning the axis of the can.  In 

  

 

Figure 1.9 – A schematic of the detection of ions in FTICR MS.  Upon excitation of 

the ions in the ICR cell, the ion cyclotron motion is detected in the form of a 

sinusoidal time domain.  This time domain is Fast Fourier transformed into a 

frequency spectrum, which is then converted to a mass spectrum. 
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this experiment, ions were generated by electric discharge and attracted toward the 

charged wire and neutralized.  However, those ions that have enough tangential 

velocity were able to avoid impact, and these ions orbit the wire for an extended 

period of time.  Electrostatic trapping has become increasingly more effective,148 but 

it was not until advances in charged particle optics that the electrostatic fields were 

improved enough to use this trapping strategy for mass analysis.149-150 

 Though mass analysis was reported using electrostatic trapping, it was 

necessary to further improve the electric field homogeny, ion injection strategy, and 

ion detection in order to generate a robust mass analyzer.  In 2000, Makarov 

developed the Orbitrap mass analyzer which made use of highly precise engineering 

and machining, and this technology is the basis of what is currently the most 

advanced mass analysis instrumentation.  The Orbitrap is made of two outer 

electrode ‘cups’ facing each other and separated by a dielectric ring.  A central 

electrode runs along the axis of the electrodes, which is analogous to the charged 

wire in the Kingdon experiments.  When ions are introduced into the Orbitrap, they 

move in a trajectory which combines three different cyclic motions in all three 

dimensions:  1) rotational motion around the central electrode, 2) radial motion, and 

3) axial oscillation along the axis of the central electrode due to opposing electric 

fields on each of the electrodes.  Of these three motions, only axial motion is 

independent of initial velocities and proportional to the m/z of the ion.  Thus, this is 

the sinusoidal motion that is measured, fast Fourier Transformed into a frequency 
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signal, and converted to an m/z value based on Equation 1.4, where ω is the axial 

frequency, e is the elementary charge, and k is the field curvature (constant). 

    √
   

(   )
       Equation 1.4 

Ions must be introduced into the Orbitrap in a coherent packet in order to 

achieve high resolving power due to the lack of phase coherence in an electric field.  

This is accomplished by using an external ion storage device called a C-trap.151  

This is a significant advancement in the development of the Orbitrap because it 

allowed for coupling with a continuous ionization strategy, such as ESI.  Additionally, 

the C-trap allows for coupling Orbitrap mass analyzers with other mass analyzers in 

order to generate hybrid instruments, which significantly increase the analysis 

capabilities of Orbitrap mass spectrometers.  The first commercial Orbitrap was 

introduced in 2005 and coupled with a linear ion trap mass analyzer to generate the 

LTQ-Orbitrap.152-154  Since 2005, several improvements on Orbitrap technology have 

been introduced such as a high-field compact Orbitrap155 and a benchtop Exactive 

mass spectrometer.156-158  Additionally, several iterations of hybrid Orbitrap mass 

spectrometers were commercialized, such as the LTQ-Orbitrap Velos,159-160 which 

incorporates a higher energy collision cell, and the LTQ-Orbitrap Elite,155 which 

incorporates the high-field Orbitrap. 
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1.5.4  Hybrid Fourier Transform Mass Spectrometry 

 Hybrid mass spectrometers are a combination of two or more mass 

analyzers, and each mass analyzer can be used as a mass filter, a detector, or 

both.161  The first Fourier Transform hybrid mass spectrometer was a linear ion trap 

coupled to a FTICR mass spectrometer (LTQ-FTICR).162  The main advantage of 

hybrid instruments is that the LTQ-FTICR is capable of simultaneous trapping and 

detection and/or simultaneous detection in both the LTQ and FTICR, allowing for the 

acquisition of both a high mass accuracy scan and a MS/MS scan to occur in 

parallel.  With these capabilities, it is possible to collect high mass accuracy and 

MS/MS data for 10 analytes on a ~3 sec timescale (Figure 1.10a).  Thus, for a 

complex mixture, this is less than the timescale of peak widths in LC, allowing for 

mass analysis of numerous analytes.  Because of this, data dependent acquisition 

(DDA) has been developed.163  In complex mixtures, DDA allows for intensity-based 

selection of eluting analytes to be subsequently fragmented.  In the LTQ-FTICR, a 

full scan mass spectrum in the FTICR is used to determine the most abundant 

masses (usually a fixed number such as 10 – top 10 experiment).  These masses 

are then individually isolated in the LTQ, fragmented, and the product ion spectra 

are collected.  This top 10 cycle happens in ~3 sec.  When this is completed, the 

former 10 most abundant m/z ions are put on an exclude list, and the next 10 most 

abundant ions are chosen for isolation and fragmentation.  This process continually 

repeats throughout a LC gradient, allowing for mass analysis data on thousands of 

analytes per injection. 
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Figure 1.10 – A comparison of the theoretical duty cycles for hybrid FTMS 

instruments.  The LTQ-FTICR (a) and LTQ-Orbitrap (b) instruments function 

similarly.  However, the recently developed Q Exactive (c) is capable of detecting 

both full MS and product ion MS/MS in the Orbitrap with high resolving power and 

MMA.  Additionally, the entire process occurs more rapidly due to simultaneous ion 

collection in the C-trap. 
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 When the Orbitrap was invented, it was immediately coupled with a LTQ in a 

near identical setup to the LTQ-FTICR.153-154  The Orbitrap is thought to be a more 

sensitive instrument do to the more efficient ion transfer into the Orbitrap in 

comparison to FTICR.  Additionally, FTICR instruments are extremely costly to 

maintain in comparison to an Orbitrap.  Because a superconducting magnet is used 

in FTICR, it must be continuously cooled by liquid Helium and liquid nitrogen.  With 

the rising cost of cryogens, it can cost a baseline of tens of thousands of dollars per 

year to maintain a single FTICR instrument.  Thus, the hybrid LTQ-Orbitrap allows 

for a significant and practical advantage over LTQ-FTICR instruments with 

comparable (or better) data acquisition (Figure 1.10b).   

  A recent iteration in Fourier Transform hybrid instruments is the 

benchtop Q Exactive MS.156  This instrument consists of a quadrupole mass 

analyzer coupled to an Orbitrap.  This instrument is unique in several ways in 

comparison to the LTQ-Oribitrap instruments.  First, the Q Exactive has been 

engineered such that it has a much smaller footprint than the LTQ-Orbitrap and is 

now a benchtop mass spectrometer.  Additionally, the Orbitrap has been 

manufactured so that the data can be processed using an enhanced Fourier 

Transform (eFT).  The eFT function allows for mass analysis in nearly half the time 

for the same resolving power, increasing the speed at which DDA can occur.  

Additionally, the Q Exactive is equipped with a higher energy collision (HCD) cell, 

allowing for parallel fragmentation outside of the Orbitrap and further increasing the 

efficiency of the Q Exactive. 
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 There is a significant difference between having a quadrupole mass filter and 

a linear ion trap coupled to an Orbitrap.  The major disadvantage of having a 

quadrupole mass filter is that it is not capable of trapping or detecting analytes.  

Though this is the case, a significant advantage of the Q Exactive is that all ions are 

detected in the Orbitrap, which affords high resolving power and mass accuracy to 

both precursor and product ion spectra.  Though it takes more time to acquire 

spectra in an Orbitrap in comparison to a linear ion trap, the eFT algorithm and 

ability to trap ions in the C-trap in parallel with detection allows for a precursor scan 

and up to 12 product ion scans to be collected in under 3 sec, which is faster than 

pervious LTQ-Orbitrap generations, while collecting higher mass accuracy data for 

all scans. 

The development of the Orbitrap has generated a debate about which type of 

instrument, magnetic (FTICR) or electric (Orbitrap), is the future of FTMS 

technology.  The major benefit of FTICR mass spectrometry is that higher resolving 

power can be achieved by increasing the magnetic field strength, and the Orbitrap 

(until the invention of the high-field orbitrap) does not have this capability.  Figure 

1.11a shows a theoretical plot of FTICR resolving power vs. m/z for a 1 s acquisition 

time using several different magnetic fields.  Thus, if the mass analysis of a 

biological system (such as intact proteins) requires higher resolving power, a FTICR 

MS is capable (in theory) of being produced that can measure this.  However, the 

currently manufactured Orbitrap instrument resolving powers vs. m/z are plotted in 

Figure 1.11b over top of the dashed FTICR plot in Figure 1.11a, where it is seen 
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Figure 1.11 – a)  The correlation between resolving power and m/z for FTICR 

instruments with varying magnetic fields at a 1 s acquisition time.  b)  The resolving 

power vs. m/z for Orbitrap FTMS instruments overlaying the previous FTICR data.  

The Orbitrap and high-field Orbitrap acquire data for ~0.75 s, and the Q Exactive 

acquires data for ~0.33 s.  c)  The comparison of a commercially available 7 T 

FTICR and the Q Exactive.  The m/z range which glycans are routinely measured is 

shaded in blue.  Thus at these m/z values, the shortened acquisition time for the Q 

Exactive is more beneficial than the marginally better resolving powers in the FTICR 

instrument. 
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that the high-field Orbitrap is capable of measuring all m/z values at a higher 

resolving power than even the FTICR instruments with the largest magnetic fields. 

Figure 1.11a-b display the leading edge of FTMS advancements in 

technology.  However, a comparison of the resolving power vs. m/z plot for a 

practical and commercially available 7 Tesla FTICR and the Q Exactive is shown in 

Figure 1.11c. It can be seen that the Q Exactive is comparable to the resolving 

power achieved in FTICR.  Additionally, for the measurement of N-linked glycans 

(m/z range shaded in blue), the FTICR and Q Exactive are able to generate data 

with comparable resolving powers, all of which are sufficient to separate all N-linked 

glycan compositions.  Thus, when performing mass analysis of N-linked glycans, it is 

more practical to use a Q Exactive MS due to the shortened acquisition time in the 

precursor scan and more efficient duty cycle (Figure 1.10c). 

 

1.6  Synopsis of Completed Research 

 The analysis of N-linked glycans is often hindered by the lack of high-

throughput analysis strategies translational across laboratories, the hydrophilicity of 

the glycans, and the lack of quantification strategies available.  This dissertation 

describes a novel technology that addresses each of these shortcomings via glycan 

derivatization with hydrophobic, SIL reagents.  Chapter 2 describes in detail the 

hydrazone formation derivatization technique, which is able to efficiently couple 

hydrazide reagents (derivatives of Girard’s P reagent) to the reducing terminus of N-

linked glycans, or any glycan with a free aldehyde group at the reducing terminus.  
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Numerous conditions for hydrazone formation have been reported in the literature,45, 

47, 51-53, 164-165 and these conditions were used as the starting factors in a design of 

experiments (DOE) fractional factorial design (FFD)166 for the optimization of the 

hydrazone formation reaction.  Upon optimization, it was shown that >95% reaction 

efficiency can be achieved for both simple sugars and complex N-linked glycan 

standards.  Additionally, in order to direct the synthesis of hydrophobic reagents, the 

effect of derivatization with a permanently charged tag was studied.  By synthesizing 

a reagent pair that is structurally and molecularly identical to one another except for 

the substitution of a pyridinium ion for a phenyl group, it was shown that the neutral 

tagging reagents significantly out-perform their charged counterparts.  This study 

was used as the foundation for future N-linked glycan derivatization and 

quantification strategies due to the high efficiency of reaction, and it allowed one to 

make hypothesis-driven predictions for the synthesis of reagents for the increased 

ESI efficiency. 

 Because it was shown in Chapter 2 that the neutral reagents significantly out-

perform their charged counterparts, a library of solely neutral reagents has been 

synthesized in order to systematically exploit the hydrophobic bias for N-linked 

glycans in ESI and is described in Chapter 3.  By synthesizing hydrazide reagents 

with increasing hydrophobicity, it is shown that the ESI efficiency of derivatized 

glycans is proportional to the hydrophobicity of the tagging reagent.  Non-polar 

surface area (NPSA) calculations were used to estimate the hydrophobicity of the 

tag, and this correlation will be used in future studies to generate even more 
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effective glycan hydrazide reagents.  Additionally, the optimal hydrazide reagent 

from the library was used to derivatize N-linked glycan cleaved from pooled human 

plasma.  Derivatization efficiency of the plasma N-linked glycome was >95%, and 

the total glycan signal from all derivatized glycans was significantly greater than for 

native glycans, demonstrating the successful exploitation of the hydrophobic bias in 

ESI even in the most complex of mixtures. 

 Though the data in Chapter 3 leads one to infer that more hydrophobic 

reagents could be even more effective, reagent development was put on hold so that 

SIL reagents could be synthesized.  In Chapter 4, the most effective reagent from 

Chapter 3, P2GPN, was synthesized in both the native form and with 13C6 stable 

isotopes in the terminal phenyl ring.  This allowed one to differentially label two 

glycan samples, mix the samples together, and analyze in the same LC-MS run.  

Because the only differences between the tagged glycans are the stable-isotope 

labels, both the light- and heavy-tagged glycans behave identically in the 

chromatographic separation and ESI process.  However, the light- and heavy-tagged 

glycans are separated using mass spectrometry, and each glycan can then be 

relatively quantified based on the relative ion abundances.  The effectiveness of this 

strategy in both simple glycan mixtures and pooled human plasma are presented, 

and an internal standard is incorporated to correct for systematic variability due to 

parallel sample preparation. 

 Because this relative quantification experiment incorporates not only stable 

isotopes, but also hydrophobicity, Chapter 5 presents the separation of 
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hydrophobic-tagged glycans by RPLC.  This is both a practical and experimental 

advantage over traditional glycomics separation strategies such as HILIC and 

graphitized carbon.  Experimentally, it is shown that glycans are separated with a 

much higher efficiency in RPLC in comparison to HILIC.  This leads to an increase of 

~40% in the number of unique glycan compositions which are able to be detected.  

Additionally, the RPLC platform for the separation of glycans is identical to that of 

typical bottom-up proteomic experiments.  This is a significant advantage in research 

groups who study both proteomics and glycomics due to the minimal time to switch 

between sample sets (it can often take 1-2 days to re-equilibrate a RP nano-LC 

system to or from HILIC).   

 The fundamental strategy for the derivatization, separation, and quantitative 

MS analysis of N-linked glycans has been optimized such that glycans from even the 

most complex of samples, plasma, can be relatively quantified.  However, before this 

strategy can be applied to large biological samples, the analytical variability of the 

strategy had to be minimized, and a reproducible data analysis strategy had to be 

developed.  Chapter 6 describes the incorporation of a glycoprotein internal 

standard, horseradish peroxidase (HRP), in order to account for systematic global 

sample preparation variability.  A glycoprotein internal standard is advantageous in 

comparison to a free glycan because any variability in the PNGase F cleavage 

reaction cannot be taken into account using a free oligosaccharide.  However, using 

an oligosaccharide that must be cleaved from a glycoprotein as an internal standard 

allows for variability in every step of sample preparation to be accounted for.  HRP 
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was used due to the commercial availability and the presence of xylosylated 

glycans, which are not found in mammalian biosynthetic pathways, preventing 

glycans from HRP skewing plasma glycan quantification.  Additionally, it was shown 

that when using the HRP glycan as an internal standard, all systematic bias due to 

parallel sample preparation variability is eliminated. 

 Glycomics data analysis strategies are severely lagging behind proteomics, 

and often, bioinformatic strategies are incompatible across different laboratories.  

Thus, Chapter 7 details the reproducible analysis strategy for relative quantification 

of N-linked glycans using the SIL reagents, recently-coined as the INLIGHT 

(Individuality Normalization when Labeling with Isotopic Glycan Hydrazide Tags) 

strategy.  Because the SIL reagents only have a mass shift of 6 Da, large molecular 

weight glycans often have isotopic distribution overlap.  This overlap is corrected for 

by calculating a molecular weight factor based on theoretical isotopic distribution.  

Also, a total glycan normalization procedure is presented such that systematic 

variability in the biological system (such as different total glycosylation levels 

between samples) can be accounted for.  Finally, to show the power of the 

quantification strategy, certain pooled plasma samples were spiked with a specific 

glycoprotein.  These samples were compared to each other and to neat pooled 

plasma.  The glycans that have been reported to be attached to the spiked 

glycoprotein were determined to be significantly different than the neat pooled 

plasma samples, demonstrating the ability for this strategy to relatively quantify the 

amounts of glycans across samples. 
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 The Appendices contain supplemental material, where numerous details, 

syntheses, calculations, analysis processes, and data tables are presented.  

Appendices A-D contain supporting information for Chapters 3, 4, 5, and 7, 

respectively.  Appendix E contains a detailed data sheet and procedure for the 

sample preparation (cleavage, purification, derivatization, and relative quantification) 

of N-linked glycans from plasma samples.  Finally, Appendix F presents the current 

and future applications of the INLIGHT relative quantification strategy for N-linked 

glycans.  Preliminary data is presented on the largest-scale glycan relative 

quantification studies to date, where the INLIGHT strategy is applied biomarker 

discovery efforts in ovarian cancer in collaboration with the Mayo Clinic (Rochester, 

MN). 
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CHAPTER 2 

The Interplay of Permanent Charge and Hydrophobicity  
in the Electrospray Ionization of Glycans 

 
The following work was reprinted with permission from:  Walker, S. H.;  Papas, B. N.; 
Comins, D. L.; Muddiman, D. C.  Analytical Chemistry 2010, 82(15), 6636-6642.  
Copyright 2010 American Chemical Society.  The original publication may be 
accessed directly via the World Wide Web. 

 

2.1 Introduction 

 The derivatization of molecules for enhanced detection in mass spectrometry 

(MS) has a long history dating back to the use of trimethylsilylating agents to 

increase the volatility of alcohols1 and GC-MS analysis2, which is still widely 

practiced today.  Upon the invention of electrospray ionization (ESI)3, a need to 

enhance ionization of large biomolecules arose, and hydrophobicity has commonly 

been exploited to accomplish this goal.  Hydrophobic tags have been coupled to 

nucleic acids4 and peptides5-9; the latter has demonstrated as much as a 2000-fold 

improvement10.  The ability to adapt these methods and apply them to glycomics 

analysis affords a significant opportunity due to the fact that the assay of glycans is 

difficult in comparison to peptides. 

 Glycans have traditionally been difficult to ionize given their hydrophilicity and 

lack of basic sites able to be protonated, and several methods have been 

implemented to modify glycans for enhanced mass spectrometric ionization and 

detection including permethylation11-12, peracetylation11, 13, and derivatization at the 

reducing terminus of the sugar14.  Permethylation11-12 and peracetylation11, 13 have 
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been shown to increase the glycan abundance and give valuable MS/MS data but 

often have time consuming wet chemistry steps and are not useful with larger 

glycans due to incomplete reaction dispersing the glycan signal across several 

different m/z channels.  Thus, the exploration of alternate glycan analysis strategies 

is necessary in order to further develop the field of glycomics. 

 Enzymatic cleavage of N-linked glycans from proteins allows access to the 

glycan’s reducing terminus where the terminal sugar resides in equilibrium between 

the closed hemi-acetal and reactive aldehyde forms15.  Reductive amination involves 

converting the open-ring aldehyde reducing sugar to an amine and has been used 

for the hydrophobic tagging of glyans16-19 and for the incorporation fluorescent or UV 

absorbing tags20-23.  However, a major limitation of coupling this methodology to ESI 

is the fact that salts contaminate the sample, and a cumbersome clean up step is 

required after derivatization and prior to online separations.  Not only will this take 

more time, but clean up methods such as solid phase extraction can incur significant 

losses and increases analytical variability.  These side effects are not favorable for 

the assay of glycans using electrospray ionization, yet there is another derivatization 

procedure that is capable of high reaction efficiency at the reducing terminus:  

hydrazone formation.  A recent study compares the fragmentation patterns of these 

two derivatization strategies when analyzing a variety of oligosaccharides24. 

Dansylhydrazine (DHZ) was the first hydrazide coupled to glycans for 

enhanced fluorescence detection25, and since, many more hydrazide regents have 

been utilized in mass spectrometry for fluorescence and UV detection26-27.  However, 
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Harvey and coworkers first used cationic hydrazone formation for the increased 

detection of glycans in MALDI- and ESI-MS28.  They reported a 10-fold decrease in 

detection limits could be achieved when incorporating a permanent charge on the 

tagging reagent (Girard’s T reagent), and no clean up was required between 

reaction and introduction on the chromatography column.  In contrast, it has recently 

been reported that the Girard’s T reagent decreases the abundance of detected 

glycans in ESI-MS29.  These two contradicting studies have prompted this work to 

determine how modifying glycans with the permanent charge affects the ESI 

response in conjunction with the use of hydrophobic tags to enhance glycan ion 

abundance.  Though previous studies have shown different fragmentation patterns 

using charged reagents in fast atom bombardment MS30, studies from this group 

show little difference in the fragmentation when coupling fixed-charge reagents to N-

linked glycans29. 

 Fenn has shown that in an electrospray droplet, hydrophobic analytes are 

concentrated near the surface of the droplet, more hydrophilic molecules are more 

solvated near the center, and the surplus protons generated from the oxidation of 

water in the ESI capillary build up on the surface of the droplet31. This creates a bias 

which allows the hydrophobic analytes (being less solvated and near the surface) to 

be inherently more likely to acquire charge and be ejected as gas-phase ions as the 

droplet is desolvated.  Though this is accepted and has been demonstrated for the 

hydrophobic properties of different molecules4-10, 32, the effect of a permanent charge 

fixed on a molecule has not been explicitly studied.  Researchers have been hesitant 
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to incorporate a permanent charge hypothesizing that it would have a negative effect 

in the fragmentation patterns of the glycans and could cause partial or total loss of 

the tag18.  Recently, though, it has been shown that CID fragmentation patterns of a 

charged complex glycan are not negatively affected by a permanently charged tag 

nor is the tag lost during fragmentation29.  Given these results, charged hydrazide 

reagents are now considered a viable avenue toward the hydrophobic tagging of 

glycans.  However, charged hydrazide tags have not been utilized in hydrophobic 

tagging of glycans, aside from Girard’s reagents T and P, because they are not 

commercially available.  This can be surmounted by the synthesis of specific 

hydrazide reagents with characteristics hypothesized to most efficiently enhance ESI 

response.  

 In order that the hydrazone tagging method can be further applied to the 

profiling of entire glycomes, the derivatization reaction must occur stoichiometrically.  

If this is not the case, then this method will be detrimental to glycan analysis by 

increasing the number of m/z channels and retention times a given glycan analyte is 

partitioned into, decreasing the signal-to-noise and increasing the limit of detection.  

Fractional factorial design (FFD) is a design of experiments (DOE) optimization 

process in which a large number of variables (>3) can be simultaneously analyzed, 

significantly reducing the amount of time and cost required to examine a large 

experimental space33.  Using FFD, the relevancy of several independent variables 

operating on one dependant variable can be measured using a combination of 

experiments in which each independent variable is varied at two levels (e.g., one low 
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and one high).  Subsequently, the variables that significantly affect the dependant 

variable being measured are able to be isolated and further optimized under 

controlled conditions.  This DOE procedure is an efficient method to analyze the 

numerous variables affecting glycan tagging reactions, minimizing both the time and 

cost required. 

 Herein, two pairs (one synthesized and one commercially available) of related 

molecules, in which one reagent in each pair contains a permanent charge, are used 

to determine whether or not a fixed cationic charge is beneficial to glycan analysis.  

These charged/neutral molecules only differ in that the charged molecule has a 

quaternary ammonium substituted for a carbon atom, which allows for the direct 

comparison of ESI response with the hydrophobic properties of the molecules held 

constant.  Moreover, a DOE optimization is presented where a FFD is used in order 

to determine which independent variables affect the tagging reaction efficiency.  

These significant variables were further optimized to provide a final optimized 

tagging procedure for glycan hydrazone formation.  Finally, discussions relating 

hydrophobicity, hydrophilic interaction (liquid) chromatography (HILIC) retention 

time, and non polar surface area calculations (NPSA) are included in order to 

determine the optimal properties of glycan tagging reagents and to direct future 

synthesis for the enhanced detection of glycans by ESI-MS. 
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2.2 Experimental 

2.2.1  Materials 

Maltoheptaose, Gal2Man3GlcNAc4 (NA2) glycan, Phenylacetic hydrazide 

(GPN), acetic acid, ammonium acetate, ethyl chloroacetate, hydrazine hydrate, 4-

phenylpyridine, and ethyl phenylacetate were all purchased from Sigma Aldrich (St 

Louis, MO).  Girard’s reagent P (GP) was purchased from TCI America (Portland, 

OR).  HPLC grade ACN, water, and MeOH were all purchased from Burdick & 

Jackson (Muskegon, MI). 

 

 

 

Abbreviation Structure NPSA
a

Phenyl-GPN 181

Phenyl-GP 180

GPN 109

GP 108
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Table 2.1 – Reagents, abbreviations, and NPSA
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2.2.2 Synthesis of Reagents 

The reagents and abbreviations used throughout this study are presented in 

Table 2.1.  The hydrazide tagging reagents, phenyl-GP and phenyl-GPN, were 

synthesized according to Figure 2.1.  For the charged reagents, R groups are 

attached to the pyridine ring of esters (II), which are reacted with hydrazine hydrate 

to effect amide bond formation between the hydrazine and the ester group.  This 

allows numerous derivatives to be prepared and tested in order to discover the 

optimum tag, while ensuring the ability to incorporate ≥6 13C stable isotopes for 

future relative quantification studies.  The same amide bond is formed in the neutral 

reagents between the hydrazine and ester group, and many neutral esters are 

commercially available that can be used as the starting material. 

 

 

 

 
Figure 2.1 – Short synthetic routes to charged (III) and neutral (V) hydrazide 

reagents starting with pyridinium salts (II) or esters (IV).  Amide bond formation 

between the ester function and hydrazone gives the desired hydrazides. 
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2.2.3 Fractional Factorial Design of Experiments 

 

Two separate FFD experiments were conducted in which aliquots of 

maltoheptaose (~0.17 nmol) were dried, and to separate dried samples, the 

appropriate reagent solution was added and reacted according to Table 2.2 and 

Table 2.3 for the phenyl-GP and phenyl-GPN reagents, respectively.  After reaction, 

 

 
 

Sample 

Number

Temperature 

( C)

Solvent 

Composition

Reaction 

Time 

(min)

Excess 

Reagent 

(mol)

Reaction 

Volume 

(μL)

1 50 MeOH/Acetic Acid 15 25x 250

2 50 MeOH/Acetic Acid 15 300x 50

3 50 MeOH/Acetic Acid 180 25x 50

4 50 MeOH/Acetic Acid 180 300x 250

5 50 Water/Acetic Acid 15 25x 50

6 50 Water/Acetic Acid 15 300x 250

7 50 Water/Acetic Acid 180 25x 250

8 50 Water/Acetic Acid 180 300x 50

9 90 MeOH/Acetic Acid 15 25x 50

10 90 MeOH/Acetic Acid 15 300x 250

11 90 MeOH/Acetic Acid 180 25x 250

12 90 MeOH/Acetic Acid 180 300x 50

13 90 Water/Acetic Acid 15 25x 250

14 90 Water/Acetic Acid 15 300x 50

15 90 Water/Acetic Acid 180 25x 50

16 90 Water/Acetic Acid 180 300x 250

Table 2.2 – FFD reaction table for the phenyl-GP reagent.
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samples were dried in vacuo at 35°C and reconstituted in 200 μL of HILIC initial 

conditions (20:80 mobile phase A:B) for nanoLC MS analysis.  An FFD analysis of 

the phenyl-GP reagent was carried out at a resolution of 4 (½ 25) in order to 

determine the significance of the reaction time, temperature, volume, mol excess 

(XS) of tagging reagent, and solvent composition.  The second set of FFD 

experiments were carried out using the phenyl-GPN reagent and a FFD with a 

resolution of 4 (½ 24).  A resolution of 4 implies that all the main effects of the 

individual variables can be clearly distinguished, and some two-factor interactions 

can be distinguished.  Also, a full factorial design would comprise 64 (25) and 32 (24) 

 

 

 
 

Sample 

Number

Temperature 

( C)
Time (min)

Excess Reagent 

(mol)

Volume 

(μL)

1 50 15 25x 50

2 50 15 300x 250

3 50 180 25x 250

4 50 180 300x 50

5 90 15 25x 250

6 90 15 300x 50

7 90 180 25x 50

8 90 180 300x 250

Table 2.3 – FFD reaction table for the phenyl-GPN reagent.
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experiments for the phenyl-GP and phenyl-GPN reagents, respectively.  However, in 

this sudy a fractional factorial design is used where only ½ the experiments are 

enough to achieve a resolution of 4.   

 The independent variables studied were reaction time, temperature, volume, 

and mol XS.  In both cases, the samples were analyzed randomly in triplicate, and 

the peak areas in the extracted ion chromatograms (EIC) were used to determine 

tagging efficiency.  The data were then modeled using JMP v8.0 software (SAS, 

Cary, NC).  It was necessary to perform two FFD studies to ensure that the 

permanent charge does not affect the tagging reaction efficiencies.  Also, the 

inclusion of solvent composition in the phenyl-GPN FFD experiment was not 

possible due to the tag’s insolubility in water.  This is acceptable due to the fact that 

in the phenyl-GP FFD, the solvent composition was not determined to have any 

effect on the glycan tagging efficiency.  Each of the variables included in the FFD 

studies was chosen by studying literature hydrazone formation reaction conditions.  

Currently, there is a wide variety of reaction conditions for the formation of 

hydrazones and no standardized or ubiquitous procedures34-36.  Thus, it was 

necessary to use a time- and cost-efficient method to study all the possible reaction 

conditions. 

 Since the amount of mol XS was determined to be a significant factor in both 

experiments (vide infra), an optimization of this parameter was performed by adding 

10-, 20-, 40-, 80-, 160-, 320-, 640-, 1280-, 2560-, and 5120-fold excess tag in 100 μL 

of 85:15 (v/v) MeOH:Acetic Acid to separate dried maltoheptaose aliquots and 



 

70 
 

reacted in parallel for 3 hr at 75 °C.  Samples were dried in vacuo at 35 °C and 

reconstituted in 200 μL of HILIC initial conditions for nanoLC MS analysis.  All 

reaction efficiencies were calculated using EIC integrated peak areas according to 

Equation 2.1: 

 

[Peak Area(Tagged Glycan)]
100

[Peak Area (Tagged Glycan)] + [Peak Area (Free Glycan)]
  (Eqn. 2.1) 

 

2.2.4 Charged/Neutral Pair Analysis 

Five aliquots of glycan (~0.17 nmol) were dried, and reagent solutions of the 4 

different tags (~3500 mol XS) in 100 μL of 85:15 (v/v) MeOH:acetic acid were added 

to separate reaction vials containing the dried glycan sample.  For the 5th sample, 

100 μL of 85:15 (v/v) MeOH:acetic acid was added to the dried glycan sample with 

no reagent present.  Each vial was heated at 75 °C for 3 hr., and then the solvent 

was evaporated off in vacuo at 35 °C.  Each sample was then reconstituted in 200 

μL of HILIC initial conditions, and 30 μL of each of the 5  samples were combined in 

a sample vial to form an equimolar mixture so that ~1 pmol of each was introduced 

on column.  Each sample was also analyzed individually in order to determine 

reaction efficiency.  All samples were run randomly, in triplicate. 
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2.2.5 Nano-flow Liquid Chromatography 

Hydrophilic interaction liquid chromatography (HILIC) was performed on an 

Eksigent nanoLC-2D system (Dublin, CA) running under a vented-column 

configuration37 as described previously38.  Briefly, mobile phase A and B consisted 

of 50 mM ammonium acetate (pH 4.5) and 100% ACN, respectively.  Ten microliters 

of sample were injected onto a 100 μm ID IntegraFrit trap column packed in-house 

to ~3.2 cm with Amide-80 stationary phase (TOSOH Bioscience, San Jose, CA).  

The analytical column consisted of a 75 μm ID capillary coupled to a 15 μm PicoFrit 

tip packed in-house to ~10 cm with Amide-80 stationary phase.  Glycans were eluted 

at 500 nL/min, and the gradient was ramped from 20 to 60 % solvent A over 37 min, 

with a total run time of 1 hr as previously reported38.  IntegraFrit and PicoFrit 

columns were from New Objective (Woburn, MA). 

 

2.2.6 LTQ-FTICR Mass Spectrometry 

The mass spectrometer used was a hybrid linear ion trap, Fourier transform 

ion cyclotron resonance mass spectrometer (Thermo Fisher Scientific, San Jose, 

CA) outfitted with a 7 Tesla superconducting magnet.  Mass calibration was 

performed as specified by the manufacturer.  Spectra were acquired in data 

dependent mode, where each precursor ion scan in the ICR cell determined up to 5 

m/z values that would be fragmented during subsequent MS/MS scans in the ion 

trap.  If the same m/z value is chosen twice within 30 s, the m/z was placed on an 

exclude list, and the dynamic exclusion was set to 2 min in order to reduce 



 

72 
 

oversampling.  A 2 kV potential was applied to a zero dead volume union to induce 

electrospray ionization, and the capillary and tube lens voltages were set to 42 V 

and 120 V, respectively, with a heated capillary temperature of 225 °C.  An AGC of 

1x106 (maximum injection time of 1 s) was set in the ICR cell with a 100,000FWHM at 

400 m/z resolving power.  For MS/MS in the ion trap, the normalized collision energy 

was set to 22 with an AGC of 1x104 and a maximum injection time of 400 ms.  

Xcalibur software (version 2.0.5) was used for peak integration and data analysis. 

 

2.2.7 Non-Polar Surface Area Calculations 

NPSA’s were calculated for each of the four reagents in order to estimate the 

hydrophobicity of the reagents.  Each molecule is considered to be at a standard 

geometry.  Spheres with van der Waals radii appropriate for each atom are placed at 

each atomic origin.  The exposed surface area (area not contained within another 

sphere) is then calculated using standard numerical integration schemes as 

implemented in Mathematica (Version 7, 2008; Wolfram Research, Inc., Champaign, 

IL).  The total NPSA for a molecule then is the sum of the visible surface areas for 

each non-polar atom, which excludes oxygens, carbons bonded to oxygen, 

nitrogens, and hydrogens bonded to either oxygen or nitrogen. 

 

2.3 Results and Discussion 

 Glycans were analyzed by positive ion mass spectrometry in order to 

determine the effects of a positive permanent charge on glycan analysis.  Though 
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recent studies have shown the benefits of negative ion MS in the tandem MS of 

glycans39-46, the positively charged derivatives are not amenable to negative ion 

mode.  Also, much of the literature for the negative ion MS of glycans does not 

involve derivatization.  This will be necessary in future studies from this group 

involving stable isotope labeling for the relative quantification of glycans.  Each 

glycan was detected by both protonation and ammonium adduction allowing two 

different fragmentation patterns; the ammonium adduction should not allow for 

internal rearrangement according to recent studies on using large groups for 

cationization47-51.  

 

2.3.1 Hydrazone Formation Optimization 

 In both FFD experiments, it was shown that the amount of excess reagent is 

a significant variable in the efficiency of the reaction (Figure 2.2).  In the phenyl-

GPN experiment, the reaction volume was also determined to affect the reaction 

efficiency.  This is not unexpected as either reducing the volume or increasing the 

mol excess will effectively increase the concentration of reagent; thus, these two 

variables are strongly related, and only optimizing the excess reagent was sufficient 

to achieve 95-98% reaction efficiency.  The amount of excess reagent (phenyl-GPN) 

needed in a 100-μL solution was optimized as shown in Figure 2.3.  Amounts of 

excess reagent greater than ~5,000-fold were deemed insignificant using a t-test to 

compare measurements (analyzed in triplicate).  Using ~3500 mol XS in all 
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subsequent studies resulted in ≥ 97% reaction efficiency coupling the reagents to 

the NA2 complex glycan (Figure 2.4). 

 

 

 
 

Figure 2.2 – JMP v8.0 FFD results for the reaction of maltoheptaose and Girard’s P 

derivatives.  A)  derivatization using phenyl-GP, and B) derivatization using phenyl-

GPN.  Hashed circles (- -) indicate significant variables.  Absolute contrast denotes 

the probability that a variable is significant, and the half normal quantile is the 

probability assuming no significance.  Variables which fall above the curve are 

deemed significant.  The tabular representation is below showing the p-values for 

each variable in comparison to the cut-off value of 0.1. 
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Figure 2.3 – The optimization of the mol XS (with respect to the amount of glycan) 

of the reagent needed to be added to the reaction mixture in order to ensure that 

stoichiometric reaction conditions occurred. 
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2.3.2 Analysis of Charged/Neutral Reagents 

Two sets of reagents (Table 2.1), in which the molecules in each pair differ 

only by the incorporation of a permanent cationic charge (via quaternary ammonium) 

in one of the molecules, were analyzed to determine the role of a permanent charge 

with respect to electrospray ionization.  Maltoheptaose (data not shown) and a 

 

 
 

Figure 2.4 – The extracted ion chromatogram of the phenyl-GPN tagged NA2 

glycan and the unreacted free NA2 glycan at the optimized reaction conditions 

determined by the FFD studies.  This shows a 97% reaction efficiency for the NA2 

glycan. 
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complex glycan, NA2, were used to determine the affect of a permanent charge by 

analyzing an equimolar mixture of each tagging reagent coupled to the 

oligosaccharide.  The EICs for the NA2 glycan are shown in Figure 2.5.  In both 

 

 

 
 

Figure 2.5 – The extracted ion chromatogram of the equimolar mixture made from 

the NA2 glycan with each tag.  The phenyl-GP glycan and the free glycan EIC’s are 

overlaid to show overlapping retention, and the phenyl-GP glycan out-competes the 

free glycan for excess charge in the electrospray droplet.determined by the FFD 

studies.  This shows a 97% reaction efficiency for the NA2 glycan. 
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cases (synthesized and commercially available) the neutral tagging reagent out-

performed its charged equivalent, and the results are displayed in Table 2.4.  In the 

equimolar mixture displayed in Figure 2.5, only ~1 pmol of each glycan was 

introduced onto the chromatography column.  This shows that at small amounts of 

glycan, a clean-up step after derivatization is not necessary.  The starting amount of 

glycan was much more (~170 pm) in order to minimize the variability in the sample 

preparation of the equimolar mixture.  When pipetting small volumes and small 

concentrations, a minute amount of variability in the precision of equipment can 

cause a substantial difference in the concentrations of each species. 

 

 

 
 

Molecule
Retention 

Time (min)
Fold Increasea

Phenyl-GPNb + 

NA2
22.8 18

GPNb + NA2 25.5 11

Phenyl-GPc + 

NA2
29.2 7

Free NA2 29.1 1

GPc + NA2 32.23 <1

aRelative to free glycan
bNeutral Reagent
cCharged Reagent

Table 2.4 – Retention times and relative abundance 

data for the NA2 glycan equimolar mixture.



 

79 
 

These results show that the phenyl-GPN reagent provides an 18-fold increase 

in electrospray response in comparison to the free NA2 glycan, but these results 

must be interpreted with caution.  Since the phenyl-GP glycan elutes during the 

same time window as the free glycan, the ionization of the free glycan is suppressed 

causing the ‘fold increase’ to be overestimated.  Nonetheless, the relative peak 

areas of the co-eluting phenyl-GP and free NA2 glacans suggest that the phenyl-GP 

glycan is still more competitive than the free glycan for the surface charge in the 

electrospray droplet.  If this is the case and it is assumed that the hydrophobicity is 

the only variable determining HILIC retention time (the less retention, the more 

hydrophobic), then one can argue that a charged moiety on a molecule enhances 

the ionization.  However, recent studies have described HILIC as separating 

compounds based on a mixed-mode mechanism, where a combination of 

partitioning and adsorption (due to coulombic interactions or hydrogen bonding) take 

place52-54.  This study supports these conclusions, and it is hypothesized here that 

the permanent charge causes the phenyl-GP glycan to be retained longer (due to 

adsorption) than if the retention mechanism was only based on the hydrophobicity of 

the molecule (partitioning).  Thus, one would conclude that the reason the two 

molecules elute together is due to a combination of partitioning and adsorption of the 

phenyl-GP tagged glycan, and the phenyl-GP glycan is actually more hydrophobic, 

allowing for an increased ESI response relative to the free glycan even though an 

equimolar mixture of the two analytes elute at the same retention time in HILIC. 
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 Though the phenyl-GP glycan and the free NA2 elute at the same time and 

the free NA2 signal is suppressed, this does not affect the analysis of the charged 

and neutral reagents.  In this study, the information of concern is how the neutral 

reagents perform compared to their charged equivalent.  From the EIC in Figure 

2.5, it is clear that the two neutral reagents have enhanced abundances in 

comparison to the charged reagents, and though previously proposed that a 

permanent cationic charge would enhance ionization28, this study supports the 

conclusion that the positive charge actually causes the molecule to be more solvated 

in the electrospray droplet, less competitive for the excess surface charge, and have 

a decreased ESI response in comparison with its neutral analogue. 

 Using these two pairs of reagents, the ESI response in relation to 

hydrophobicity of the tags was also able to be studied.  The two neutral molecules 

(phenyl-GPN and GPN) only differ by the addition of a phenyl group.  The phenyl-

GPN glycan eluted almost 4 minutes earlier than the GPN glycan and the detected 

abundance was increased by ~2-fold.  This was also the case with the charged 

molecules, where the phenyl-GP glycan elutes 4 minutes earlier and has an 

increased relative abundance to the GP glycan.  This suggests that the hydrophobic 

tagging of glycans will follow similar trends as the hydrophobic tagging of peptides; 

thus, these synthesized reagents can be further developed to incorporate branched, 

alkyl, or ring hydrophobic regions in order to further enhance ESI response.   
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2.3.3 Non-Polar Surface Area Calculations  

 The NPSA of the 4 reagent molecules in this experiment have been 

calculated and are listed in Table 2.1.  For both pairs, the equivalent charged and 

neutral reagents’ NPSA calculations are essentially the same, meaning that one 

should assume that the molecules’ hydrophobicities are equivalent, and the ESI 

responses should be equal as well.  However, this is not the case, and the 

decreased ESI response for an addition of a permanent charge cannot be accounted 

for by the molecular composition of each reagent.  The only other variable that can 

be accountable for the difference in retention time and abundance is the permanent 

charge.  It is proposed that the cationic charge solvates favorably into the center of 

the electrospray droplet, causing it to be less competitive for the excess surface 

charge.  Thus, the droplet must undergo much more desolvation in order for the 

charged reagent glycans to be able to acquire enough charge to be ejected into the 

gas phase, and by this time, much of the surface charge has already been depleted 

by the less solvated, more hydrophobic, neutrally tagged glycans.   

 The HILIC retention times (Table 2.4) corroborate these results as well.  

Because HILIC is a variant of normal phase chromatography, the glycans with the 

most hydrophobic tags should elute earlier than the free glycan or glycans with more 

hydrophilic tags, which is clearly shown in Figure 2.5.  Also, it should be noted that 

even though the phenyl-GP and GP reagents have a greater NPSA than the free 

glycan (NPSA ~ 0), the permanent charge causes these tagged glycans to elute 

after the free glycan, which from the HILIC retention times, one would conclude that 
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they are more hydrophilic.  Though the hydrophobicity of these tags has been 

increased, the permanent charge negates any positive effect that these tags afford 

glycans in the electrospray droplet.   

 

2.4 Conclusions 

 An equimolar mixture of tagged glycans revealed two important trends in the 

analysis of glycans:  1) as in peptides, the incorporation of increasingly hydrophobic 

tags increases the ESI response of glycans, and 2) a permanent charge does not 

enhance ionization, but causes the tagged glycans to be more solvated in the 

electrospray droplet decreasing the abundance in MS.  It was also shown that the 

optimized procedure affords complex N-linked glycans ≥ 97% reaction efficiency, 

which is necessary in order to avoid the glycan signal being dispersed over several 

different m/z channels.  NPSA calculations were also performed in order to confirm 

that the physical properties of the molecules in each reagent pair are equally 

hydrophobic without accounting for the effects of a permanent charge.  This allowed 

the permanent charge to be treated as the only independent variable, and 

conclusions were able to be drawn based solely on the comparative abundance of 

the charged and neutrally tagged glycans.  The results presented here will allow one 

to make hypothesis-driven predictions for the synthesis of reagents that will further 

enhance the electrospray ionization of glycans, allowing for decreased limits of 

detection in glycomics applications such as identifying glycans cleaved from 
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proteins, quantifying glycans, and detecting relative changes in glycan population 

towards biomarker discovery. 

 Future studies will move toward developing neutral hydrazide reagents for the 

maximum enhancement of glycan signal in ESI-MS.  In both cases studied herein, 

and in previous studies16, 18, 29, the electrospray ionization efficiency of N-linked 

glycans is increased as the hydrophobicity of the tags is increased.  Though the 

trends presented here will be valuable to glycan analysis, further work must be done 

to determine the types of hydrophobic groups most conducive to glycan analysis.  A 

wide range of hydrazide tagging reagents must be studied in order to determine 

specific hydrophobic properties (linear, branched, aliphatic or aromatic rings) that will 

most effectively enhance glycan analysis.    In addition, the neutral reagents used in 

this study will be amenable to glycan analysis in the negative ion mode.  This is a 

highly advantageous scenario as the complimentary information able to be derived 

from analyzing glycans in the positive and negative ion mode in parallel will require 

no extra sample preparation yet yield significantly more data.  It is through 

approaches like these that all possible characteristics and properties of glycans can 

be exploited, and sample preparation can be optimized in order to detect the least 

abundant glycans in biological samples, acquire the most informative fragmentation 

spectra, and ensure a thorough assay of the N-linked glycome. 
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CHAPTER 3 
 

Hydrophobic Derivatization of N-linked Glycans for Increased Ion Abundance 
in Electrospray Ionization Mass Spectrometry 

 
The following work was reprinted with permission from:  Walker, S. H.;  Lilley, L. M.; 
Enamorado, M. F.; Comins, D. L.; Muddiman, D. C.  Jounal of the American Society 
for Mass Spectrometry 2011, 22(8), 1309-1317.  Copyright 2011 Springer.  The 
original publication may be accessed directly via the World Wide Web. 

 

3.1 Introduction 

 The inherent hydrophobic bias in electrospray ionization (ESI) has been 

exploited in numerous studies first for nucleic acids1, then peptides and proteins2-7, 

and most recently glycans8-14 in order to increase the ion abundance of analytes in 

mass spectrometry (MS).  While these techniques frequently introduce an additional 

wet chemistry step in sample preparation, the benefits have been shown to outweigh 

the time and cost; a >2000-fold improvement in peptide signal has been reported7.  

The addition of hydrophobic functions to molecules via chemical derivatization will 

not only increase the ion abundance in ESI but can also have other beneficial 

aspects, such as the ability to incorporate stable isotopes for quantification10, 15 and 

the enhanced information acquired from fragmentation spectra in the permethylation 

of glycans16.  Analysis of glycans by ESI has been hampered by the hydrophilicity of 

the sugar functional groups causing them to have a higher free energy of solvation 

and be more difficult to desorb from the electrospray droplet in the generation of 

gas-phase ions.  Thus, derivatization using hydrophobic reagents can be used to aid 

in overcoming this obstacle.  Imparting additional hydrophobic functions onto glycan 
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molecules allows the glycans to be less solvated and have a higher surface activity 

in the precursor electrospray droplet.  As this droplet is desolvated on the way to the 

MS, a series of Coulombic fission events occur where a number of smaller progeny 

droplets (estimated to be ~2017) are ejected from the surface of the original droplet17-

19.  In comparison with the native glycans, the more hydrophobic, derivatized glycans 

are more likely to have a higher surface activity and are significantly enriched in the 

progeny droplets20.  It is these progeny droplets that are further desolvated and 

eventually produce gas-phase ions21, creating the hydrophobic bias in ESI. 

 Permethylation22-24 and peracetylation23, 25 are two of the first methods used 

to derivatize glycans for enhanced MS analysis.  These methods have been shown 

to enhance fragmentation spectra26-27 and increase the glycan ion abundance.  

However, permethylation and peracetylation convert all hydroxyl, amino, and 

carboxylic acid groups to their methyl- and acetyl-ether functions, respectively, and 

thus, the m/z shift due to the derivatization is variable for different sized glycans.  

Additionally, 100% conversion has proven difficult and is variable for different N-

linked glycans.  For example, due to the numerous hydroxyl, amino, and carboxylic 

groups present in oligosaccharides (~5 per monosaccharide and 7-18 

monosaccharides per N-linked glycan), a 0.1% change in the permethylation 

efficiency can result in a 3-10% efficiency difference depending on the type and size 

of the glycan.  In contrast, the reducing terminus is a convenient location for 

derivatization due to the availability of a free aldehyde group after the enzymatic 

cleavage of N-linked glycans from proteins using peptide: N-glycosidase F (PNGase 
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F).  Moreover, stable isotope labels with a small, fixed mass shift can be 

incorporated onto the reagents while simultaneously increasing the hydrophobicity.  

Reductive amination is a prominent technique capable of reacting with the reducing 

terminus of N-linked glycans and has been used to enhance several analytical 

techniques including UV and fluorescence detection28-31 and hydrophobic 

derivatization9-10, 32-33.  Two studies have shown the ability to incorporate 

hydrophobic tagging and isotopic labeling using reductive amination derivatization10, 

15.  Though this method is effective, an additional significant clean-up step is 

necessary after derivatization due to salt contamination, which often increases 

sample preparation time, the opportunity for sample loss, and the analytical 

variability in the measurement.   

 Hydrazone formation is an attractive alternative derivatization strategy in 

which hydrazide reagents react at the reducing terminus of glycans much like 

reductive amination but does not involve reducing the glycan to a Schiff base using 

salts such as sodium borohydride34.  Thus, when using hydrazone formation, the 

product can be directly injected onto the nano-LC column due to the lack of salts 

necessary in the reaction mixture.  In addition, >95% reaction efficiency can be 

routinely achieved using hydrazone formation as a means of hydrophobic tagging of 

glycans13.  Danzylhydrazine35 was the first of many reagents to be coupled to 

glycans via hydrazone formation for enhanced fluorescence or UV detection36-38.  

More recently, hydrazone formation has been used for enhanced MS detection8, 12-

13, though an abundance of these reagents is not readily available.  Several different 



93 
 

hydrazide reagents have been developed and used to increase glycan abundance8, 

12-13.  Girard’s T reagent was first used to increase mass spectral detection in order 

to incorporate a permanent cationic charge onto the glycan12.  However, recent 

studies have shown decreases in ion abundance when coupling Girard’s T reagent 

to glycans in nanoLC MS8, and it has been shown that neutral reagents are 

significantly better than preformed cations when coupled to N-linked glycans8, 13. 

   Herein, a small library of hydrazide reagents has been synthesized and 

is used to derivatize glycans in order to determine the type of hydrophobic structure 

that most effectively increases the ion abundance of glycans in ESI-MS.  The 

reagents studied are exclusively neutral compounds due to the compatibility in 

positive and negative mode MS and due to recent studies showing decreased 

electrospray response when incorporating a permanent charge on the reagent (vide 

supra)13.  Additionally, the non-polar surface areas (NPSA) for all the reagents have 

been calculated in order to give a theoretical estimate of the hydrophobicity of the 

reagents as it has been shown that the NPSA correlates directly with the 

hydrophobicity of the analytes in peptide analysis5-6.  Furthermore, the compatibility 

of the hydrazone reagents with complex mixtures and the advantages present are 

demonstrated by the derivatization of N-linked glycans found in human plasma.   
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3.2  Experimental 

3.2.1 Materials  

The (Gal-GlcNAc)2Man3GlcNac2 (NA2) glycan, (NeuAc-Gal-GlcNAc)2Man-

3(Fuc)(GlcNAc)2 (A2F) glycan, trifluoroacetic acid (TFA), acetic acid, ammonium 

acetate, ethyl chloroacetate, and β-mercaptoethanol were all purchased from Sigma 

Aldrich (St Louis, MO).  Phenylacetic acid, 3-phenylpropionic acid, 4-phenylbutanoic 

acid, 5-phenylpentanoic acid, ethynyl benzene, ethyl 2-(4-bromophenyl)acetate, 

hydrazine hydrate, 4-phenylpyridine, and ethyl phenylacetate were purchased from 

VWR (West Chester, PA).  Peptide: N-Glycosidase F (2.5 mU/μL), denaturing 

solution (1 M β-mercaptoethanol and 2% (w/w) SDS), and the detergent solution 

(15% nonidet P40) were purchased from Prozyme (San Leandro, CA). Pooled 

human plasma was purchased from Innovative Research (Novi, MI).  High 

performance liquid chromatography grade acetonitrile (ACN), water, and methanol 

(MeOH) were all purchased from Burdick & Jackson (Muskegon, MI).  IntegraFrit 

and PicoFrit columns were purchased from New Objective (Woburn, MA) and the 

TSK-Gel Amide-80 stationary phase was from TOSOH Bioscience (San Jose, CA). 

The graphitized solid phase extraction cartridges were purchased from Alltech 

(Deerfield, IL). 

 

3.2.2 Reagent Synthesis, Purification, and Characterization   

Five hydrazide reagents were synthesized: 2-phenylacetohydrazide (GPN), 3-

phenylpropanehydrazide (GPN2), 4-phenylbutanehydrazide (GPN3), 5-
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phenylpentanehydrazide (GPN4), and 4-phenethylbenzohydrazide (phenyl2-GPN).  

The mono-phenyl reagents were synthesized by Fischer esterification, converting a 

carboxylic acid to a methyl ester followed by reaction with hydrazine hydrate in 

absolute ethanol at 90°C to form the hydrazide.  The bi-phenyl reagent (phenyl2-

GPN) was synthesized by reacting ethynyl benzene with ethyl 2-(4-

bromophenyl)acetate in the presence of a catalyst and the triple bond was 

hydrogenated in absolute ethanol over Pd/C.  As with the mono-phenyl reagents the 

ester was converted to a hydrazide function via reaction with hydrazine hydrate in 

absolute ethanol incubated at 90°C.  Synthesis schemes, purification methods, and 

characterization data have been extensively detailed in the supplemental material 

(Appendix A). 

 

3.2.3 Reagent Analysis for Model Glycan 

A 2 mg/mL solution of each individual reagent was made in 85:15 

MeOH:acetic acid (v/v).  The NA2 glycan was aliquotted into 6 microcentrifuge tubes 

(170 pmol in each tube), dried, and 100 μL (~3500 mol XS) of the synthesized 

reagents (GPN, GPN2, GPN3, GPN4, and phenyl2-GPN) were added to separate 

dried glycan samples so that 5 of the tubes have a different tag in each tube and the 

final glycan sample has no tag (only 100 μL of reaction solvent was added).  The six 

samples were allowed to incubate at 75°C for three hours, and the samples were 

dried in vacuo.  A reaction diagram with starting materials and the final derivatized 

glycan structure is presented in the supplemental material (Figure A.1).  The 
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samples were then reconstituted in HILIC initial conditions (80% ACN and 20% 50 

mM ammonium acetate in water), and the six glycan samples were combined in an 

equimolar mixture so that ~1 pmol of each was injected on column in a 10 μL 

injection and analyzed using nanoLC LTQ-FTICR MS. 

 

3.2.4  Cleavage, Derivatization, and Analysis of Plasma N-linked Glycans 

 Fifty microliters of lyophilized pooled human plasma was reconstituted in 250 

μL of 50 mM tris-HCl buffer (pH 7.5) and  denatured by adding 28 μL of 2% SDS/1 M 

β-mercaptoethanol and incubating at 95°C for 5 min.  The solution was allowed to 

cool to room temperature, and 5 μL of PNGase F (12.5 mU) was added.  The 

reaction was allowed to proceed for 18 hr. at 37°C.  The reaction was then 

quenched with 500 μL of 0.1% TFA.  The glycans were extracted using graphitized 

carbon solid phase extraction (SPE), which has been described in detail 

previously39, and the glycan samples were dried in vacuo. 

 The derivatization procedure for plasma glycans was optimized to decrease 

the amount of peeling for labile capping sugar units such as sialic acid and fucose.  

A 1 mg/ml solution of phenyl2-GPN reagent in 75:25 MeOH:Acetic acid solution was 

prepared.  To the dried glycan sample, 100 μL of the reagent solution was added 

and allowed to react for 3 hrs at 56°C in an incubator.  The glycans were then dried 

in vacuo and reconstituted in HILIC initial conditions. 
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3.2.5 nano-Flow Liquid Chromatography (HILIC) 

 Separation of derivatized glycans was performed using online hydrophilic 

interaction (liquid) chromatography (HILIC)39.  An Eksigent nanoLC-2D system 

equipped with an AS1 autosampler (Dublin, CA) was used with a vented-column 

setup as described previously40.  TSK-Gel Amide-80 stationary phase with a 5 μm 

particle size (TOSOH Bioscience) was used to pack the trap and analytical columns, 

and both were packed in house.  The trap column (360 μm O.D., 100 μm I.D. 

IntegraFrit) was packed to ~3.2 cm, and the analytical column (360 μm O.D., 75 μm 

I.D. with a 15 μm PicoFrit tip) was packed to ~10 cm.  Mobile phase A and B were 

50 mM ammonium acetate (pH 4.5) and 100% ACN, respectively.  Onto the trap, 10 

μL of sample were injected at the initial gradient conditions (20% solvent A), washed 

at high organic solvent (93% B), and eluted at 500 nL/min.  The gradient was 

ramped from 20 to 60 % Solvent A over 37 min with a total run time of 60 min.  A 

shallower gradient was used with the plasma glycans that included an additional 

washing step in high organic solvent (93% B).  The gradient for plasma glycans was 

ramped from 20 to 55% solvent A over 37 min, and the total run time was 70 min. 

 

3.2.6 LTQ-FTICR Mass Spectrometry 

 A hybrid linear ion trap Fourier Transform ion cyclotron resonance mass 

spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with a 7 Tesla 

superconducting magnet was used to acquire precursor and product ion mass 

spectra.  Electrospray ionization was performed by applying a 2 kV potential to a 
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zero dead volume union preceding the trap column.   The ions were introduced in to 

a stainless steel capillary heated to 225 °C, and the capillary and tube lens voltages 

were set to 42 V and 120 V, respectively.  The AGC in the ICR cell was set to 1x106 

ions with a maximum injection time of 1 s.  In the LTQ, the AGC was set to 8x103 

ions with a maximum injection time of 80 ms and a normalized collision energy of 22.  

The instrument was operated in data dependent mode where up to 3 MS/MS spectra 

were collected per precursor scan.  An include list was generated consisting of the 3 

most intense m/z values in the precursor scan (FTICR), and these ions were 

subsequently fragmented (LTQ).  If the same m/z value is chosen twice in 30 s, the 

m/z was placed on an exclude list for 30 s.  Additionally, a 5000 count threshold was 

used to ensure quality MS/MS spectra.  The mass spectrometer was calibrated 

according to manufacturer protocol and Xcalibur software (v. 2.0.5) was used for 

peak integration and data analysis. 

 

3.2.7 Non-Polar Surface Area Calculations 

 The NPSA were calculated as reported previously5.  Due to the numerous 

hydrophilic functions, such as hydroxyl groups, that comprise glycans, the NPSA of 

the sugar units are deemed negligible.  Thus, only the NPSA of the hydrophobic 

tagging reagents are taken into account.  The NPSA of the reagents were calculated 

by using standard Van der Waal’s radii and bond lengths41.  Other previous studies 

have used computer modeling to integrate the NPSA of reagents13 and alternate 

assumptions6, 8 in the determination of NPSA; thus, a detailed description of the 
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assumptions, formulas, and calculations is included in the supplemental material 

(Figure A.2) in order to present a single method for NPSA calculations of 

hydrophobic tagging reagents. 

 

3.3 Results and Discussion 

3.3.1 Characterization of Hydrazide Reagents 

 Five neutral reagents were synthesized in order to increase the relative 

abundance of N-linked glycans in ESI MS, analyze the types of hydrophobic groups 

that most effectively increase the electrospray response of glycans in MS, and direct 

the future synthesis of hydrazide reagents en route to determining an optimal tag for 

enhanced glycan analysis and quantification.  Neutral reagents were chosen due to 

former studies showing the decreased ion abundance of glycans derivatized with 

permanently charged (+) reagents13.  Furthermore, neutral reagents are compatible 

in both the positive and negative ion modes in ESI MS.  Since the negative ion mode 

has shown to be advantageous to glycan analysis (more informative fragmentation 

patterns and the enhanced analysis of glycans with acidic sugar residues such as 

sialic acid)42-48, the neutral reagents allow one to explore more experimental space 

without any additional sample preparation when switching between positive and 

negative modes.  Two types of reagents have been synthesized: mono-phenyl and 

bi-phenyl.  A set of mono-phenyl reagents was synthesized in order to vary the alkyl 

chain length from 1-4 methylene units between the reactive site and the phenyl 

group.  This will allow one to evaluate the affect of lengthening the hydrocarbon 
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chain length with respect to the relative glycan response in ESI-MS.  In addition, 

another set of molecules has been synthesized that contains bi-phenyl reagents.  

These two types of hydrophobic groups differ in their types of bonds (sigma vs. pi), 

geometry (tetrahedral vs. planar), chemical structure, and localization of the 

electrons.  The different characteristics of the reagents will allow for different solvent-

analyte interactions in the electrospray droplet, and the characteristics most 

beneficial will be incorporated into future reagents in order to further enhance the 

ionization efficiency of glycans. 

 The synthesis and purification of the reagents were efficient and were 

confirmed by the accurate mass spectra of the derivatized NA2 glycan in the FT ICR 

MS.  Each reagent was coupled to the glycan and run individually in order to 

determine reaction efficiency and purity (data not shown).  All reagents reacted 

nearly stoichiometrically with >95% efficiency, and there were no spectra in which 

there were more than two N-linked glycan peaks (tagged and free glycan), implying 

that there were no impurities or partial synthetic products present capable of reaction 

with the glycans.  In addition, this is also evidence that the tags do not degrade in 

the reaction conditions or in the ionization source before analysis in the MS.  Several 

characterization methods have been employed in order to confirm the synthesis of 

the reagents including 1H NMR, 13C NMR, IR and high resolution MS, and are 

included in the supplemental material. 

 The effects of the hydrophobic hydrazide reagents were analyzed by creating 

an equimolar mixture of the NA2 glycan derivatized with each synthesized reagent, 



101 
 

and the derivatized glycans show significant increases in ion abundance in 

comparison to the native glycan (Figure 3.1b).  The extracted ion chromatograms 

(EIC) of each reagent are displayed to show the retention time and relative 

abundance of each tagged glycan.  The reagents synthesized in this experiment  

(Figure 3.1a) were chosen to observe the effectiveness of incorporating linear 

 

 

 
 

 

Figure 3.1 – a)  The reagents analyzed in this and in previous experiments (aRef. 1; 
bRef. 2) .  b) The EIC’s of each of the current (boxed) reagents coupled to the NA2 

glycan.  The HILIC elution order is from the most hydrophobic reagents to the least 

(phenyl2-GPN, GPN4, GPN3, GPN2, GPN, native glycan).  The relative abundances 

follow the same trend, as expected. 
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alkane hydrophobic groups and additional phenyl groups onto the reagents.  One 

phenyl group on the tagging reagent is necessary for the incorporation of stable 

isotopes  (13C6) for future quantification studies, but as previously shown, a second 

phenyl group significantly increases the ion abundance of tagged glycans13.  It was 

hypothesized that alkyl groups are more hydrophobic than phenyl groups due to the 

delocalization of the pi bonds in the phenyl ring, and a larger increase in 

electrospray response would be expected for the reagents with linear alkanes.  As 

the number of methylene groups is increased, the ion abundance increased, 

although it was not until the addition of 3 additional methylene groups (GPN4) that 

the electrospray response of the derivatized NA2 glycan increased equivalently to 

that of the reagent with two phenyl groups and no methylene groups (phenyl-GPN).   

In addition, the combination of two additional alkyl groups and two phenyl groups 

produced a reagent that outperformed any reagent synthesized to date.  This 

evidence leads one to infer that the best method to increase the electrospray 

response of glycans is to add several phenyl rings to the reagents with the possibility 

of incorporating short alkyl chains between the rings. 

 In order to further characterize the derivatized glycans and to confirm the 

stability of the reagents throughout the sample preparation and MS analysis, the 

MS/MS spectra of the two most successful reagents, phenyl2-GPN and GPN4, are 

shown in Figure 3.2a and 3.2b, respectively.  These spectra show similar 

fragmentation in both types of reagents, mono- and bi-phenyl.  In no spectrum has 

fragmentation of the reagent been observed, and the tag is never cleaved from the 
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Figure 3.2 – The MS/MS data of the a) phenyl2-GPN and b) GPN4 reagents.  The 

two fragmentation spectra show similar patterns, and in no case was a loss or 

fragmentation of the tagging reagent observed.  In addition, the composition of the 

glycan was able to be determined using the MS/MS spectra.  The insets are the high 

mass measurement accuracy FT-ICR precursor ions, showing the monoisotopic 

peak ([M+2H+]2+) and the ammonium adduction peaks ([M+H++NH4
+]2+ and 

[M+2NH4
+]2+). In both a and b, squares and circles denote N-acetylglucoseamine 

(HexNAc) and hexose (Hex) monosaccharide residues, respectively. 
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terminal GlcNAc residue, which allows for the determination of y and b glycosidic 

bond cleavages per Domon and Costello26.  These fragmentation spectra show that 

the composition of unknown glycans can be determined using either the high mass 

measurement accuracy of the precursor scan, by the MS/MS spectra, or a 

combination of both.  The signal-to-noise (S/N) ratios of the fragmentation spectra 

show good quality with only ~1 pmol introduced onto column, and nearly all the 

fragmentation products are present.   This was not the case for the native glycans, 

where several fragmentation peaks were not able to be distinguished from the noise. 

 Non-polar surface area (NPSA) calculations are used to estimate the 

hydrophobicity of the hydrazide reagents.  By estimating the hydrophobicity of the 

reagents, the most successful reagent will be able to be predicted.   Figure 3.3a 

demonstrates the correlation between the NPSA calculations and the experimental 

ion abundances for the NA2 glycan derivatized with several different reagents.  In 

general, as the NPSA, or hydrophobicity, of the reagent is increased, the signal of 

the derivatized glycan is increased as well.  Based on this experimental data, future 

synthetic routes can be developed based on the NPSA and predict the types of 

hydrophobic reagents that will most effectively enhance the glycan ion abundance.  

This directed synthetic approach will allow only the reagents with the best chance of 

further increasing glycan ion abundance to be tested, and as the library continues to 

grow, the correlation between NPSA and relative glycan abundance will become 

more evident and lead toward the best possible hydrophobic reagent.  However, 

increasing the hydrophobicity too much will be possible, leading to analytes that are 
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Figure 3.3 – a)  The abundance of the derivatized glycan (relative to the free glycan) 

has been plotted vs. the NPSA of the reagents.  Diamonds denote neutral reagents, 

and squares represent charged reagents (aRef. 1;  bRef. 2).  b)  The retention time of 

the derivatized glycan is plotted vs. the NPSA of the reagents.  Diamonds represent 

mono-phenyl reagents, and triangles represent bi-phenyl reagents.  The error bars in 

both a and b indicate 95% confidence intervals (3 ≤ n ≤ 5).  cThe phenyl4-GPN 

reagent was synthesized (identical to phenyl2-GPN, except that it contains a 4-C 

chain between the phenyl rings), but the recrystallization purification was only 

minimally successful, and thus, it was analyzed for retention time purposes only and 

not for quantitative analysis. 
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not retained on a HILIC column or reagents that are not soluble in the reaction 

conditions.   

Separation by HILIC allows for another metric for the estimation of the 

hydrophobicity of the species present.  In HILIC, the more hydrophobic species elute 

earlier, allowing for an estimation of the hydrophobicity of the analytes based on the 

retention time.  Though HILIC is considered to be a “mixed-mode” separation 

method where both partitioning and adsorption mechanisms are involved in 

separation49-52, the reagents used in this experiment are chemically similar, and 

thus, the retention mechanisms are assumed to be similar.  Figure 3.3b is a plot of 

retention time (RT) vs. NPSA and shows an additional correlation between the 

experimental (RT) and calculated (NPSA) hydrophobicity.  The two types of 

reagents, mono- and bi-phenyl, both show linear trends in which the retention time 

increases as the regents become less hydrophobic.  However, the slopes and 

intercepts of these lines differ, which implies slightly different separation 

mechanisms between the two types of reagents coupled to glycans.  Though the 

reagents GPN4 and phenyl-GPN have nearly identical NPSA, the retention time 

between the two derivatized glycans is significantly different.  Thus, the different 

types of bonds, the localization of electrons, and the geometry of the reagents are 

the differences between the two analytes and interact in different ways with the 

stationary phase.  Though HILIC separation mechanism, retention times, and 

stationary phase interactions are not fully understood, this study shows that with all 

other properties held constant, the glycans derivatized with reagents primarily 



107 
 

composed of alkyl chains interact more with the stationary phase than glycans 

derivatized with the bi-phenyl reagents.     

 

3.3.2 Analysis of the Human Plasma N-Linked Glycome using the Phenyl2-GPN 
Reagent 
 
 In order to demonstrate the compatibility and effectiveness of the novel 

glycan hydrophobic reagents in complex mixtures, the N-linked glycans from pooled 

human plasma were cleaved, derivatized with phenyl2-GPN, and analyzed.  Initially, 

 

 
 

Figure 3.4 – The EIC of the native and tagged A2F glycan after derivatization with 

phenyl2-GPN at 56°C for 3 hr in 25:75 acetic acid:MeOH.  This shows > 95% 

conversion to the derivatized glycan, however there is still a small amount of peeling, 

or loss of sialic acid or fucose.   
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intact sialylated glycans were not able to be detected.  Upon further investigation, it 

was determined that the high reaction temperature combined with acidic conditions 

(75°C in 15% acetic acid for 3 hr) was causing peeling, or loss of labile sugar 

residues (most notably NeuAc).  Thus, numerous reaction conditions were tested 

using a model glycan, A2F, which contains 2 terminal sialic acid residues and one 

core fucose.  It was found that a lower temperature and higher acidity (56°C in 25:75 

acetic acid:MeOH for 3 hr) provided near complete conversion to the derivatized 

glycan (> 95%) and minimized the peeling (Figure 3.4).  These conditions were 

used in all the subsequent studies containing complex glycans with sialic acid or 

fucose residues. 

 Figure 3.5 shows the analysis of N-linked glycans cleaved from plasma, both 

native and derivatized.  The base peak chromatograms have been overlaid in 

Figure 3.5a and the derivatized glycans show on average a 4-fold increase in total 

ion abundance with certain negatively charged glycans showing up to a 10-fold 

increase.  Figure 3.5b shows the derivatization efficiency of the glycans in a 

complex mixture.  The > 97% reaction efficiency in plasma displays the robustness 

of the derivatization even in the most complex of samples, plasma.  Additionally, 

Figure 3.5c demonstrates the advantage of derivatizing negatively charged 

sialylated glycans, which are often difficult to ionize in the positive ion mode.  When 

analyzing native glycans, the tri-sialylated A3 glycan is only minutely detected.  It is 

shown that the signal of the native A3 glycan is only slightly above the noise, 

whereas >10-fold S/N is detected for the derivatized A3 glycan.  This provides more 
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statistically accurate isotopic ratios which yield higher quality data and will lead to 

the accurate quantification of N-linked glycans over a wider dynamic range.  

    

3.4 Conclusion 

 The hydrazide reagents are effective in increasing the glycan ion abundance 

in ESI FTICR MS, and as the reagents become more hydrophobic, the ion 

abundance is increased further.  The addition of a second phenyl ring has been 

 

 
 

Figure 3.5 – The compatibility of the phenyl2-GPN hydrophobic hydrazide reagent 

with glycans cleaved from complex mixtures: a)  the base peak chromatogram of the 

derivatized N-linked glycans (solid line) overlaid with the base peak chromatogram 

of the native N-linked glycans (dotted line); an average of 4-fold increase in glycan 

ion abundance is observed for all glycan species.  b)  the EIC and reaction efficiency 

of the NA2 glycan cleaved from plasma proteins;  c)  the mass spectra of the tri-

sialylated A3 glycan both native and derivatized. 
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found to have the greatest effect on the glycan response, and future studies will 

continue to incorporate this multi-phenyl structure into the tagging reagents.  To 

date, no reagents have suffered from degradation or decreased ion abundance due 

to solubility issues.  This is evidence that there are still possibilities to make reagents 

that are even more hydrophobic, will still be compatible with the reaction solvents 

and nanoLC conditions, and can further increase the ion abundance of glycans.   

The increased total ion abundance of the derivatized glycans cleaved from 

plasma proteins imparts several advantages for glycan analysis, including the 

facilitated detection of lower abundant glycan species.  By increasing the ion 

abundance of these glycans by an average of 4-fold and some negatively charged 

glycans up to 10-fold, the number of N-linked glycans detected in plasma was 

increased by ~10%.  This glycan derivatization procedure, which adds <4 hours total 

of sample preparation time, is an effective tool in enhancing the profiling of N-linked 

glycans in complex samples. 
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CHAPTER 4 

Stable-Isotope Labeled Hydrophobic Hydrazide Reagents for the Relative 
Quantification of N-linked Glycans by Electrospray Ionization Mass 

Spectrometry 
 

The following work was reprinted with permission from:  Walker, S. H.;  Budhathoki-
Uprety, J.; Novak, B. M.; Muddiman, D. C.  Analytical Chemistry 2011, 83(17), 6738-
6745.  Copyright 2011 American Chemical Society.  The original publication may be 
accessed directly via the World Wide Web. 

 

4.1 Introduction 

 Glycosylation is one of the most common post-translational modifications in 

biological systems, estimated to occur in more than 50% of translated gene 

products.1  Furthermore, of the entire translated genome, 0.5-1% of all gene 

products are involved in glycosylation.2  Glycans are ubiquitous in biological 

processes regulating cell-cell interactions, cellular recognition, cell division and 

adhesion, immune response, and protein stability.3  Due to the importance of 

glycosylation, aberrations in the glycosylation patterns are often found to be 

detrimental to the biological system.  In 1969, Robbins and coworkers first reported 

aberrations in glycosylation by describing the disparity in the size of membrane 

glycoproteins between healthy and diseased fibroblasts.4  Furthermore, aberrant 

glycosylation was first linked to cancer in 1978 where aberrant glycosylation patterns 

of α1-antitrypsin were discovered in lung, prostate, and gastrointestinal cancers.5  

Since then, numerous studies have provided evidence for the correlation between 

aberrant glycosylation and cancer,6-11 and now, researchers believe that glycans 

may be possible candidates for sensitive and specific disease biomarkers.12  Recent 
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studies have supported these earlier findings demonstrating aberrant glycosylation 

in many different types of cancers,13 including breast,14-16 prostate,17-18 liver,19 

ovarian,20-24 pancreatic,25 etc.  However, there are no ubiquitous methodologies 

used to detect, profile, and quantify these changes in glycosylation. 

 Relatively few glycan quantification strategies have been developed; 

however, since 2007, the relative quantification of N-linked glycans via the 

incorporation of stable-isotope labeling has produced several novel methodologies.3, 

26  These involve using common glycan derivatization strategies such as 

permethylation,27-29 reductive amination,30-32 and hydrazone formation (this study) to 

incorporate chemically similar but isotopically differentiated labels that can be used 

to separate the glycans by mass, allowing relative quantification in MS.  Additionally, 

metabolic incorporation of stable isotopes has been shown by Orlando and 

coworkers33 where cells can be grown in “heavy media” differentially labeling the 

glycans and allowing for separation by mass (vide infra). 

Two N-linked glycan quantification strategies involve variations in 

permethylation:  1) stable-isotope labeling via deuteriomethyl iodide34 and 2) 

QUantitation by IsoBaric Labeling (QUIBL) using 13CH3I and 12CH2DI.28  Novotny 

and coworkers utilize permethylation of glycans using either methyliodide or 

deuteriomethyliodide in order to differentially label two glycan samples.29  Because 

the methyl or deuteriomethyl groups are incorporated at each hydroxyl, amino and 

carboxylic acid group, each glycan will have a 3 Da mass shift per functional group 

methylated.  Orlando and coworkers also exploit permethylation for the quantification 
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of glycans; however, 13CH3I or 12CH2DI are used to differentially permethylate 

samples.28  In this case the two derivatization groups have the same nominal mass, 

but an exact mass difference of 0.002922 Da is observed per methylation site.  

Since all N-linked glycans have at ≥ 20 methylation sites, the mass shift is ≥ 0.058 

Da, which high resolving power instruments (≥ 30,000) can distinguish.  Both of 

these methods are used to relatively quantify glycans from two separate samples in 

the same LC-MS analysis.  Additionally, both samples are prepared individually and 

then mixed together prior to LC-MS.  This technique affords the advantage that 

ionization and measurement variability from run to run by ESI or MALDI MS analysis 

is identical for both samples.  A disadvantage present in these studies is that the 

permethylation efficiency of each sample must be identical.  Due to the numerous 

hydroxyl, amino, and carboxylic groups present in oligosaccharides, a 0.1% change 

in the permethylation efficiency between two samples can result in a 3-10% 

efficiency difference (depending on glycan size).  Thus, the two samples must be 

permethylated with equal efficiency in order to confidently quantify glycans.  

Additionally, both of these methods use deuterium labeling, which is known to have 

a different chromatographic shift than hydrogen in LC.35-37  Thus, a multiple deuterio-

labeled glycan can elute from a liquid chromatography column at a different time and 

in different mobile phases introducing analytical variability into the analysis, which 

negates the usefulness of mixing the two samples together before LC MS. 

Two other relative quantification strategies involve derivatization by stable-

isotope labeled reductive amination reagents, GRIL32 and tetraplex stable-isotope 
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coded tags.30-31  Cummings and coworkers have developed Glycan Reductive 

Isotope Labeling (GRIL) utilizing [12C6]aniline and [13C6]aniline in order to 

differentially label glycan samples, combine 1:1, and analyze in the same MS.32  A 

comparable method has been developed by Zaia and coworkers,30-31 where a 

reductive amination reagent has been developed such that 4 tags can be used all 

with a different number of deuterium atoms incorporated (+0, +4, +8, +12).  This is 

the first reagent that has the ability of tetraplex quantification of glycans.  The 

authors were able to quantify the relative amounts of N-linked glycans from the 

plasma of four different species in the same mass spectrum.  However, the mass 

shift of only 4 Da per tag is an inherent disadvantage to this method and creates 

overlapping isotopic distributions, which involve theoretical simulations to extract the 

correct ion abundances of the tetraplex quadruplets.  Additionally, deuterium is used 

which can cause a chromatographic shift, introducing ionization and mass 

spectrometric variability (vide supra).   

Orlando and coworkers have developed a novel method to metabolically label 

glycans in cell culture, Isotopic Detection of Aminosugars With Glutamine 

(IDAWG).33  In glycan biosynthesis, the only method for the incorporation of nitrogen 

into glycan molecules is through the hexosamine biosynthetic pathway.  Here, the 

side chain of glutamine is the sole donor source of nitrogen for the production of 

aminosugars and sugar nucleotides, molecules which transfer individual 

monosaccharides to glycans during glycan biosynthesis.  By doping only 15N-labeled 

glutamine into a glutamine deprived media, one can grow cells with glycans that are 
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differentially labeled at all monosaccharides containing nitrogen and incorporate a 1 

Da mass shift per HexNAc, GalNAc, and NeuAc into the glycans.  This method has 

a significant advantage over all previous stable-isotope labeled techniques in that 

after the cells are grown, they are mixed together, and all subsequent sample 

preparation steps are performed in the same vial, significantly reducing the sample 

preparation variability between the two samples.  However, the primary drawback is 

that this study can only be performed in a living organism that is capable of being 

metabolically labeled with 15N, which is presently limited to cell culture. 

Hydrazone formation is an attractive alternative derivatization strategy which, 

until now, has not been exploited for the incorporation of stable-isotope labels and 

relative quantification of glycans.  Comparable to reductive amination (GRIL,32 vide 

supra), hydrazone formation reacts at the reducing terminus of the glycans and is 

capable of incorporating a fixed mass shift for the differential mass labeling of two 

samples.  However, hydrazone formation is a more facile method for derivatization 

that does not involve reduction with sodium borohydride,38-42 a method which 

requires a significant cleanup step, increasing time and analytical variability.  A 

detailed method for hydrazone formation derivatization of N-linked glycans has been 

recently published.43-44  These manuscripts detail the methods, advantages, 

shortcomings, and results of nanoLC MS analysis of hydrazide derivatization of N-

linked glycans vs. native N-linked glycans.  Briefly, it has been shown that the 

addition of a hydrophobic, hydrazide reagent can significantly increase the ion 

abundance of glycans in ESI.43-45  Additionally, a plasma glycan sample can be 
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derivatized and directly loaded onto the nanoLC column in <4 hr without a cleanup 

step.  It is shown that the P2GPN reagent increases the ion abundance of all types 

of glycans in ESI, allowing for a ~10% increase in glycan identifications in human 

plasma vs. native glycans.43  The reaction efficiency has been meticulously 

optimized44 and is shown to be >95% for model glycans and for glycans cleaved 

from plasma.43  Further details on the derivatization reaction, effects on the glycans, 

fragmentation, etc. have been previously reported.39-45 

Herein, a relative quantification strategy for N-linked glycans via stable-

isotope labeled hydrophobic hydrazide reagents is presented which builds upon the 

methodologies23, 46-47 and rapid (<4 hr) derivatization strategy43-45 developed by this 

group for glycan analysis in epithelial ovarian cancer.  The P2GPN hydrazide 

reagent has been synthesized in its natural isotopic form and with the incorporation 

of 13C6 stable isotopes.  The ‘light’ and ‘heavy’ reagents have been characterized 

and applied to a simple mixture of glycans.  Additionally, the relative quantification 

strategy was applied to pooled human plasma, and the analytical variability of the 

sample preparation, method, and instrument was measured.  Furthermore, 

maltoheptaose was spiked in at the onset of all sample preparation in order to 

correct for sample preparation variations between the two samples.  It is shown that 

the internal standard significantly reduces the difference in the systematic bias 

between the two samples due to parallel processing. 
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4.2 Experimental 

4.2.1 Materials 

Maltoheptaose, (Gal-GlcNAc)2Man3GlcNAc2 (NA2) glycan, (NeuAc-Gal-

GlcNAc)2Man3(Fuc)(GlcNAc)2 (A2F) glycan, hydrazine monohydrate, 

bromobenzene, tetrakis(triphenyl phosphine) palladium(0), triphenyl phosphine, 

copper(I)iodide, triethyl amine, and palladium on charcoal were all purchased from 

Sigma Aldrich (St. Louis, MO).  Man9GlcNAc2 (MAN9) was purchased from Fisher 

Scientific (Houston, TX).  Ethyl 4-ethynylphenylacetate was purchased from Spectra 

Group Limited, Inc. (Millbury, OH).  13C6-bromobenzene was purchased from 

Cambridge Isotope Laboratories, Inc. (Andover, MA).  Pooled human plasma was 

purchased from Innovative Research (Novi, MI).  IntegraFrit and PicoFrit capillaries 

were purchased from New Objective (Woburn, MA).  These columns were packed 

in-house with TSK-Gel Amide-80 stationary phase from TOSOH Bioscience (San 

Jose, CA).  Graphitized solid phase extraction columns were purchased from Alltech 

(Deerfield, IL).  Peptide:  N-glycosidase F (2.5 mU/μL) and the denaturing solution (1 

M β-mercaptoethanol and 2% (w/w) SDS) were purchased from Prozyme (San 

Leandro, CA).   

 

4.2.2 Synthesis of Reagents 

 The bi-phenyl reagent, 4-phenethylbenzohydrazide (P2GPN), was 

synthesized in its native and 13C6-isotopically labeled forms.  The stable-isotope 

labeled and native reagents were synthesized by identical methods; however, the 
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incorporation of 13C6 was achieved by starting with 13C-labeled bromobenzene.  The 

synthesis mechanism was comparable to the previous report.43  Briefly, the 

bromobenzene was coupled to ethyl 4-ethynylphenylacetate via a Sonogashira 

coupling48 and the triple bond was hydrogenated.  The ethyl ester was then 

converted to the hydrazide group completing the 4-phenethylbenzohydrazide 

reagent.  Extensive synthesis and characterization data are provided in the 

supplemental material (Appendix B). 

 

4.2.3 N-linked Glycan Derivatization Procedure 

The derivatization reaction was performed as described previously.43  The 

lyophilized glycans were reconstituted in a 1 mg/ml solution of the phenyl2-GPN 

reagent in 75:25 (v/v) MeOH:acetic acid solution.  This mixture was then incubated 

for 3.5 hr at 56°C.  The reaction solution was immediately placed in a -80°C freezer 

for 30 min to quench the reaction.  The mixture was then lyophilized to dryness and 

stored at -20°C.  The glycans were reconstituted in 50 μL of HILIC mobile phase 

(initial conditions) for LC-MS analysis.  Where relative quantification was performed, 

the two samples being compared were mixed, vortexed, and analyzed in the same 

nanoLC MS run. 

 

4.2.4 N-linked Glycan Extraction from Pooled Plasma 

In the experiments herein, 100 μL (10 μg/mL) of internal standard 

(maltoheptaose) was added to 50 μL of pooled human plasma and the solution was 



125 
 

lyophilized to dryness.  The glycan cleavage procedure has been described in detail 

previously.43, 46  Briefly, the lyophilized plasma containing the internal standard was 

reconstituted in 250 μL of 50 mM tris-HCl buffer (pH 7.5) and the proteins were 

denatured at 95°C for 5 min by adding 28 μL of 2% SDS/1M β-mercaptoethanol.  

The solution was allowed to sit for 20 min until room temperature was achieved, and 

then 5 μL of PNGase F (2.5 mU/μL) were added to the plasma sample.  The solution 

was then incubated for 18 hr at 37°C and subsequently quenched with 500 μL of 

0.1% TFA.  The glycans were then separated from the proteins using solid phase 

extraction (SPE) equipped with a graphitized carbon cartridge as described in detail 

previously.46  The eluted fractions were then dried down, combined, and derivatized 

(vide supra). 

 

4.2.5 nano-Flow Hydrophilic Interaction Chromatography 

 Derivatized glycans were separated prior to MS analysis via hydrophilic 

interaction chromatography (HILIC) as described previously.43-44, 46  A vented column 

setup49 was used with an Eksigent nanoLC-1D PLUS system equipped with an AS1 

autosampler (Dublin, CA).  Both the trap and analytical columns were packed in-

house with TSK-Gel Amide-80 stationary phase (5 μm particle size).  The analytical 

column consists of a 75 μm I.D. capillary packed to 10 cm, and the trap column 

consists of a 100 μm I.D. capillary packed to 10 cm.  Mobile phase A consists of 50 

mM ammonium acetate (pH 4.5) and mobile phase B consists of 100% ACN.  

Gradient elution was used in which the solvent composition was varied from 20 to 
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55% solvent A over 37 minutes.  The glycans were loaded onto the trap column in 

80:20 solvent B:A and an initial wash step was used at 93% B before beginning the 

gradient, and after the end of the gradient, the column was washed with 85% A 

giving a total run time, including re-equilibration, of 70 min.   

 

4.2.6 LTQ-Orbitrap Mass Spectrometry 

 A hybrid linear ion trap Orbitrap mass spectrometer (Thermo Fisher Scientific, 

San Jose, CA) was used for all LC-MS glycan analysis data presented herein.  

Ionization of glycans was achieved by applying a 2 kV potential to a zero dead 

volume union creating an electric field over the capillary and inducing gas-phase 

ionization of the glycan analytes.  Upon ionization, the analytes enter a heated 

(225°C) capillary and travel through a series of ion guides before being detected.  

The capillary and tube lens voltages were 42 V and 120 V, respectively, and the 

AGC in the Orbitrap was set to 1×106 ions with a maximum injection time of 500 ms.  

A resolving power of 60,000 was used in the Orbitrap, allowing for ~1 scan/sec.  The 

AGC in the LTQ was set to 8×103 with a maximum injection time of 80 ms and 

normalized collision energy (NCE) of 22.  Data dependent mode was used to 

acquire precursor and fragmentation spectra.  Up to 5 MS/MS spectra were acquired 

per precursor Orbitrap scan based on the most abundant m/z values.  A 10,000 

count threshold was used and m/z values chosen twice in 30 s were place on an 

exclude list for an additional 30 s.  Calibration was performed according to the 
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manufacturer protocol and Xcalibur software (v. 2.0.7) was used for data analysis 

and peak integration. 

 

4.2.7 Glycan Integration and Relative Quantification 

 The glycan ratios were calculated by integrating the areas under each 

extracted ion chromatogram (EIC) of the ‘light’ and ‘heavy’ labeled glycan.  The 

chromatograms of a specifically labeled glycan were extracted using the 

monoisotopic peak(s).  Because significant ammonium adduction was observed, 

these m/z values ([M+nH++mNH4
+](n+m)+) were also summed in the EIC.  Additionally, 

if more than one charge-state was present, then both charge-states’ [M+nH+]n+ and 

ammonium adducted peaks were summed in the EIC.  For relative quantification, the 

ratio of the area under EIC of the ‘heavy’:’light’ for each glycan was calculated.  This 

raw glycan ratio was then ‘corrected’ by using the ‘heavy’:’light’ ratio of the spiked-in 

internal standard, maltoheptaose.  The maltoheptaose glycan ratio was calculated 

using the same EIC and integration as described above.  Maltoheptaose serves as 

an important internal standard to correct for the differences in sample preparation 

systematic error including derivatization reaction variability, SPE recovery variability, 

glycan interaction with vials, stationary phases, etc.  Additionally, correcting with 

maltoheptaose takes into account the slightly different isotopic distributions due to 

the number of possible natural 13C’s in each molecule and the incomplete 

incorporation of 13C6 (vide infra). 
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4.3 Results and Discussion 

 The ‘light’ and ‘heavy’ forms of the P2GPN reagent were synthesized by 

identical mechanisms only differing in the source of bromobenzene.  The heavy 

labeled compound was characterized by high resolution FT-ICR MS, and the mass 

spectrum is shown in Figure 4.1a.  It is seen that ~95% of the compound consists of 

successful incorporation of the 13C6 isotope labels.  Additionally, the data show 

peaks at 13C5 and 13C0 isotope incorporation corresponding to <5% and <1% relative 

abundance, respectively.  It is paramount in the relative quantification strategy by 

differential labeling that no cross-reaction occurs after the two samples are mixed 

together.  Because hydrazone formation derivatization does not require the removal 

of excess hydrazide reagent, there is the possibility of the unreacted ‘light’ tag 

reacting with the ‘heavy’ sample and vice versa.  A control study was performed in 

which an extracted glycan sample from pooled plasma was tagged with the ‘heavy’ 

reagent.  Additionally, a blank vial was prepared in parallel and tagged with the ‘light’ 

reagent.  These two samples were then mixed together and analyzed.  The result is 

shown in Figure 4.1b, where it is observed that less than 1% of the example glycan 

is derivatized with the 13C0 reagent, indicating that there is ≤ 1% cross-reactivity after 

mixing.  However, the actual cross-reactivity is significantly less because the 13C0 

peak is also attributed to the isotopic purity of the 13C6 reagent (Figure 4.1a). 
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Figure 4.1 – Characterization of the heavy P2GPN reagent:  a) the high resolving 

power mass spectrum of the 13C6-labeled P2GPN.  The 13C6 was incorporated at 

95%, while the 13C0 and 13C5 side products account for 1 and 5%, respectfully.  b)  a 

control study in which one plasma sample was tagged with the ‘heavy’ reagent and a 

blank vial was tagged with the ‘light’.  The samples were mixed together and 

negligible cross-reaction was observed, as the 1% of ‘light’ sample was observed 

from the incomplete incorporation of the 13C6. 
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 In order to further characterize the behavior of the ‘light’ and ‘heavy’ reagents, 

glycans were cleaved from two aliquots of a pooled human plasma sample in 

parallel and were derivatized with the ‘light’ and ‘heavy’ reagent, respectively.  These 

two samples were then mixed in a 1:1 ratio and analyzed.  Figure 4.2 displays the 

near identical behavior of the ‘light’ and ‘heavy’ tagged glycans with respect to 

chromatographic, MS, and collision induced dissociation (CID) performance.  It is 

imperative that the chromatographic performance of the same ‘light’ and ‘heavy’ 

tagged are identical in order to ensure conserved retention times, mobile phases in 

which the glycans elute, and conditions in the ESI droplet.  If these are not identical 

for the differentially tagged pair, then the ionization efficiency in ESI may be 

significantly different causing the MS to systematically bias the glycan ratios.  For 

example, Figure 4.2 shows the EIC of an example Hex5HexNAc4Fuc glycan where 

the ‘light’ and ‘heavy’ tagged glycan co-elute from the HILIC column.  Thus, there is 

no isotopic retention effect.  A table included in the supplemental material lists the 

retention times for each pair of detected glycans (Table B.1). 

There also cannot be an isotopic bias in the MS detection of the differentially 

labeled glycans.  The precursor ions detected in the orbitrap are shown for the ‘light’ 

and ‘heavy’ forms of an example glycan (Figure 4.2).  A 1:1 ratio is detected; 

however, it is observed that the isotopic distributions of the ‘light’ and ‘heavy’ form 

have slightly different isotopic abundances for the A+1 through A+5 peaks.  This is 

expected due to the different number of possible natural 13C sites in the tags.  

Additionally, the product-ion spectra are overlaid for the ‘light’ and ‘heavy’ forms of 
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the example glycan.  It is shown that the stable-isotope labeled tag does not affect 

the fragmentation patterns of the glycans any differently than the ‘light’ reagent.  

Furthermore, whether or not a fragment is a ‘Y’ or ‘B’ ion50 can be easily 

distinguished by determining if the peaks overlap or have a 6 Da shift.  If there is a 6 

Da shift between the ‘light’ and ‘heavy’ tagged fragments, then this means that the 

tag is still present, thus the reducing terminus is intact and is a ‘Y’ ion. 

 
 

Figure 4.2 – Chromatographic, MS, and MS/MS characterization of a 1:1 derivatized 

human plasma mixture.  There is no retention time shift, and the precursor ions are 

detected in a 1:1 ratio.  Additionally, it is shown that there is no isotope effect on the 

fragmentation of the derivatized glycans. 
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 In order to test the quantification capabilities of these reagents, a simple 

mixture of three glycans (NA2, MAN9, and A2F) plus an internal standard, 

maltoheptaose, were divided into aliquots, and various amounts of NA2 glycan were 

spiked into each vial so that there were 5 different NA2 ‘light’ to ‘heavy’ sets  (ratios:  

5:1, 2:1, 1:1, 1:2, and 1:5).  These samples were tagged with either the ‘light’ or 

 

 

 

 
 

Figure 4.3 – A simple mixture of 3 model N-linked glycans (NA2, A2F, and MAN9) 

plus the internal standard, maltoheptaose, in a 1:1 mixture.  Also, the NA2 glycan 

was spiked in at varying concentration ratios of 5:1, 2:1, 1:1, 1:2, and 1:5 (upper 

inset).  The histogram shows the experimental relative quantification data, where 

glycans with a 1:1 ratio are centered around 0 in the log2(H:L) plot, and the NA2 

ratios are near the expected values and clearly distinct from each other and the 1:1 

glycan samples. 
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‘heavy’ reagent and the two mixtures were combined 1:1.  The results are shown in 

Figure 4.3 where the maltoheptaose corrected histogram shows the analytical 

variability of the method and how well a change in concentration can be detected by 

mass spectrometry.  The analytical variability is shown by the histogram of the 1:1 

glycans, which are centered around 0 in the log2(H:L) plot.  Additionally, it is seen 

that the expected ratios of the NA2 glycan were able to be recovered.  The inset, 

shown above the base peak chromatogram, displays example spectra of the ‘light’ 

and ‘heavy’ pairs at each of the NA2 ratios.  The relative abundance of the 

[M+nH+]n+ peaks are indicative of the spiked-in ratios, and the log2(H:L) histogram 

shows clear distinction between each of the varied concentrations.  

In all N-linked glycan quantification experiments, maltoheptaose has been 

spiked in at the onset of sample preparation in order to account for the difference in 

systematic error between samples prepared in parallel.  The analysis of N-linked 

glycans cleaved from plasma proteins involves numerous sample preparation steps 

that can lead to different measured abundance ratios in MS.  This is unfortunate for 

the present relative quantification strategy, as samples undergo preparation in 

parallel but in a different vial with at least slightly different conditions.  Though the 

samples are processed in parallel and efforts are taken to minimize differences in 

time, temperature, solvent composition, etc., other factors that cannot be controlled 

also contribute to this difference in systematic error, such as glycan recovery from a 

specific vial or SPE column, binding to pipette tips, variable reaction efficiency, etc.   

In order to take into account these variations between samples, an internal standard 
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was introduced into the plasma at the onset of the sample preparation.  The internal 

standard must possess several properties:  1) it must have the same physical 

properties as the N-linked glycans being analyzed, 2) it must not be present on any 

proteins found in the biological sample of interest, and 3) it must have similar HILIC 

chromatographic properties as N-linked glycans.  In these studies, maltoheptaose 

was used as the internal standard.  Maltoheptaose is a straight-chain polysaccharide 

containing 7 hexose sugar units, and this standard fulfills criteria 2 and 3; however, 

criteria 1 is only partially fulfilled in that N-linked glycans are made up with 

monosaccharides other than just hexose, such as N-acetylglucose amine and N-

acetylneuraminic acid, residues not present in maltoheptaose.   

Figure 4.4 demonstrates the utility of spiking maltoheptaose into 2 aliquots of 

plasma samples before sample preparation.  The four example glycans shown all 

have an increase in ion abundance in the ‘heavy’ sample.  However, this is also the 

case for the internal standard, and if the internal standard ratio is used to correct for 

the ‘light’ vs. ‘heavy’ abundance of the N-linked slycans, then the N-linked glycan 

ratios are significantly closer to 1:1.  Maltoheptaose is capable of accounting for two 

types of systematic error in these measurements:  1) the variable sample 

preparation conditions, efficiencies, and recoveries for each sample and 2) the bias 

due to the incorporation of 13C6 stable isotopes.  Having discussed the possible 

types of variations derived from parallel processing, the differences in the ‘light’ and 

‘heavy’ abundance due to the isotopic distributions arise from the incomplete 

incorporation of the 13C6 isotopes and the statistical probabilities in which natural 13C 
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Figure 4.4 – Maltoheptaose is spiked into all of the samples at the onset of sample 

preparation.  This allows one to track the variations in the sample preparation, since 

each is prepared in parallel then mixed together after derivatization.  In plasma, 4 

example glycans have been chosen to show the effect of the internal standard on 

correcting the glycan ratios.  Here, almost a 50% difference in the sample 

preparation systematic error can be corrected using the ratios of the ‘light’ to ‘heavy’ 

internal standard. 
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is incorporated into a molecule.  In the former, the ~95% incorporation of the 13C6 

isotopes will cause the [M+nH+]n+ peak to be only 95% the abundance of the ‘light’ 

reagent.  Additionally, since 13C6 has been artificially synthesized into the molecules, 

there are fewer opportunities for natural incorporation of 13C in the ‘heavy’ reagent 

than in the ‘light’ reagent.  These isotope effects cause the [M+nH+]n+ peak of the 

‘heavy’ tagged glycans to have a greater abundance (by ~4.5%) than the [M+nH+]n+ 

peak of the ‘light’ tagged glycans.  Though these instances arise, these changes in 

the isotopic distribution are conserved for all N-linked glycans and maltoheptaose.  

Thus, using the maltoheptaose ‘light’ to ‘heavy’ ratio will correct for these isotopic 

differences in addition to a majority of the sample preparation variations.  A table has 

been included in the supplemental material listing the glycan compositions detected 

and the raw and corrected and ratios (Table B.2). 

The example glycans in Figure 4.4 were chosen to represent a majority of the 

N-linked glycan types including high mannose, complex, sialylated, and fucosylated.  

From these data, the internal standard is able to quantitatively correct for a majority 

of the difference in systematic error between samples incurred during sample 

preparation; however, a t-test shows that the 95% confidence interval of the 

corrected distribution still does not include 0.  Thus, it is possible that an internal 

standard with properties more closely related to N-linked glycans can more 

effectively correct for sample preparation systematic error differences.  While 

maltoheptaose is comprised of the most common hexose monosaccharide units, 

there are no HexNAc, NeuAc, or Fuc residues present.  This might hinder the 
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effectiveness of the internal standard.  Also, NeuAc (sialic acid) is a labile residue, 

and if the conditions in the sample preparation are slightly different, there could be 

variable peeling that would not be able to be taken into account.  Thus, a more 

comprehensive internal standard, or set of internal standards, may be a more 

effective strategy in the future to more accurately correct for any sample preparation 

bias.  Furthermore, maltoheptaose elutes much earlier and has a significantly 

broader (10x) peak shape than a majority of the N-linked glycans.  This also is not 

optimal when using maltoheptaose as an internal standard.  However, the cost-

effective maltoheptaose has shown to correct for a majority of the differences in 

systematic error due to parallel sample preparation, and further investigation is 

needed to determine whether a more expensive internal standard or panel of internal 

standards will more effectively account for the sample preparation variability. 

In order to determine the analytical variability of the relative quantification 

strategy, two aliquots of a pooled plasma sample were processed in parallel and 

tagged with the ‘light’ and ‘heavy’ reagents, respectively.  Biologically identical 

aliquots were used in order to minimize the biological and sample variability.  This 

will allow one to analyze only the variability in the analytical method, sample 

preparation, and instrument performance (the variability should be negligible here 

due to the samples being mixed together before ionization and mass analysis).  

Figure 4.5 displays the results of this analysis.  The histogram shows two 

distributions:  1) the raw, uncorrected log2(H:L) data (red) and 2) the internal 

standard corrected log2(H:L) data (black).  As mentioned previously and further 
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shown here, the internal standard is effective in correcting for a majority of the 

systamatic error, including all classes of N-linked glycans (high mannose, hybrid, 

and complex).   

 

 

 
Figure 4.5 – The histogram of 27 N-linked glycans cleaved and quantified using the 

P2GPN reagent pair from 2 aliquots of pooled human plasma.  The red distribution is 

the raw glycan log2(H:L) ratios, whereas the black distribution is the internal 

standard corrected ratios.  The narrow distribution indicates the minimal analytical 

variability between two 1:1 glycan samples cleaved from a complex mixture.  

Confidence intervals (95%) are shown above the distributions (Diamonds) along with 

the quantiles of the distribution (boxes). 
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The histogram comprises the relative quantification of 27 glycan species 

analyzed in triplicate.  The width of the distribution is less than 0.5 on a log2 scale.  

This leads one to infer that changes in N-linked glycosylation in different biological 

samples as little as 30% may be able to be detected using the methods presented 

herein.  The mean of the corrected N-linked glycan distribution is slightly larger than 

0, and a t-test has shown that the 95% confidence interval does not include 0.  This 

is thought to be due to the isotopic distribution overlap in the high molecular weight 

N-linked glycans.  In the small glycans, the 6 Da shift is sufficient so that any 

overlapping isotopic distribution is negligible.  However, as the sizes of the glycans 

get larger, there is more probability that natural 13C is incorporated in the glycans.  

Thus, the A+6 isotopic distribution peak for the ‘light’-tagged glycan begins to 

become more significant in the spectra and skew the relative quantification data.  

The internal standard corrects for most isotopic effects, such as the incomplete 

incorporation of 13C6 into the ‘heavy’ tag.  However, maltoheptaose is a relatively 

small oligosaccharide, and in the case of overlapping distributions, there is no 

overlap in the ‘light’ and ‘heavy’ forms of maltoheptaose.  Therefore, maltoheptaose 

effectively corrects for variability in the sample preparation, but a panel of standards 

with varying molecular weights is a possible solution for more accurately correcting 

for the molecular weight bias. 
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4.4 Conclusion 

 The stable-isotope labeled reagents have been shown to be a viable strategy 

for the relative quantification of N-linked glycans in simple and complex mixtures.  

The P2GPN ‘light’ and ‘heavy’ reagents have near identical properties with respect 

to chromatographic, MS, and MS/MS performance.  These reagents have shown the 

possibility for relative quantification of N-linked glycans from the most complex of 

mixtures, pooled plasma, and it is hypothesized that the small analytical variability 

will afford the advantage of detecting subtle changes in glycosylation patterns.  

These reagents have the potential to quantify the aberrations in glycosylation in 

numerous studies related to disease and cancer.  However, further variability 

analyses are necessary to determine biologically relevant cutoff values in order to 

determine significant change.  These studies will determine the effectiveness of the 

stable-isotope labeled hydrazide reagents and how well this quantification method 

can be applied to biological systems.   
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CHAPTER 5 
 

Systematic Comparison of Reverse Phase and Hydrophilic Interaction Liquid 
Chromatography Platforms for the Analysis of N-linked Glycans 

 
The following work was reprinted with permission from:  Walker, S. H.;  Carlisle, B. 
C.; Muddiman, D. C.  Analytical Chemistry 2012, 84, 8198-8206.  Copyright 2012 
American Chemical Society.  The original publication may be accessed directly via 
the World Wide Web. 

 

5.1 Introduction 

Glycosylation is a post-translational protein modification that is ubiquitous in 

biological systems1-2 and plays a significant role in numerous biological processes 

including cell-cell interactions, cellular recognition, protein stability, and immune 

response.3  Therefore, it is important to develop efficient, high-throughput strategies 

in order to analyze and understand these modifications.  Many current glycomic 

strategies have evolved and benefitted from existing proteomic strategies, which are 

comprised mainly of some fractionation method followed by mass spectrometric 

analysis.  One of the most effective proteomic strategies is online separation by 

reverse phase (RP) liquid chromatography (LC) coupled online to electrospray 

ionization (ESI) mass spectrometry (MS).  However, the translation of this 

technology to the field of glycomics has been difficult for numerous reasons 

including the lack of retention on RP columns and the suppressed ESI response of 

the much more hydrophilic glycans.  Thus, researchers have adapted this strategy to 

use more compatible separation techniques4 (hydrophilic interaction 

chromatography and graphitized carbon chromatography) and derivatization 
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techniques5-6 (permethylation, reductive amination, and hydrazone formation) in 

order to overcome the inherent disadvantages in the analysis of glycans.   

 When analyzing N-linked glycans cleaved from complex mixtures (such as 

plasma) in ESI MS, the separation of glycans prior to MS analysis is necessary due 

to the wide dynamic range and variable ionization efficiencies that can cause analyte 

suppression.  Thus, numerous chromatographic techniques have been adapted for 

glycan separation including hydrophilic interaction (liquid) chromatography (HILIC), 

graphitized carbon chromatography, and less frequently RP chromatography.4  

Chromatography is effective in increasing the peak capacity of the measurement 

and facilitating the detection of lower abundant glycans.7   

 HILIC has been used frequently for the separation of both native8-12 and 

derivatized13-17 glycans in online LC-MS experiments4 and is often used for glycomic 

analyses due to the strong retention of polar compounds in comparison to RP 

stationary phases.  However, there are several disadvantages that have been 

reported in comparison to RP chromatography including peak fronting and tailing, 

column bleed, irreversible sorption, and slow equilibration times.18  These problems 

can be overcome by switching the HILIC stationary phase18 or increasing the buffer 

concentration.19  Additionally, HILIC separation efficiency is generally accepted to be 

inferior to RP chromatography,20-21 and though this depends on the analyte and the 

type and amount of buffer reagent, peak widths tend to be broader in HILIC than RP 

chromatography.  This decreases the peak capacity of the separation and increases 

the possibility for competition of analytes in the electrospray droplet, which can 
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significantly hinder glycan analysis.  This inferiority is thought to be due to the 

relatively limited studies of the fundamental chemistry of HILIC in comparison to RP 

and the relative newness of the separation technique (Alpert coined the term HILIC 

in 199022).21 Furthermore, researchers must choose from a large collection of 

different HILIC stationary phases, each of which is often optimized for a specific type 

of analyte and/or has limited studies of separation efficiency.21  Our group has 

generated data previously that show a range of separation efficiencies depending on 

the N-linked glycan composition in HILIC with the peak widths (FWHM) ranging from 

just under 1 minute to several minutes.13, 23  This is in contrast to the same 

chromatography instrument platform using RP C18 stationary phase for peptide 

analysis, which consistently produces peak widths ≤ 30 seconds.24  This disparity 

leads one to the hypothesis that it is possible to significantly enhance the analysis of 

N-linked glycans by separating glycans with RP chromatography rather than HILIC. 

 RP chromatography is not compatible with native glycan analysis due to the 

lack of interaction of the glycans with the non-polar stationary phase.  However, 

glycans that are derivatized either at the reducing terminus6, 25-38 or permethylated4, 

39-40 are able to be retained on a C18 column.  This is due to the increase in 

hydrophobicity of the derivatized glycan molecule so that the derivatized glycans will 

interact (either by partitioning or adsorption41) more effectively with the stationary 

phase and be retained on a RP column.4, 7  However, there have been minimal 

studies demonstrating the inherent advantages of using each separation technique 

for glycan analysis. 
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 Glycan derivatization at the reducing terminus is common in N-linked glycan 

analysis due to the enzymatic cleavage of N-linked glycans from proteins using 

PNGase F.42  Upon cleavage, N-linked glycans are left intact with an accessible 

reducing terminus at the core HexNAc residue.  Reductive amination is a prominent 

derivatization strategy at the reducing terminus that has been used for the 

incorporation of hydrophobic tags,33, 43-45 UV and fluorescent tags,28, 30, 38, 46 as well 

as the incorporation of stable isotope labeled tags for relative quantification.16-17  

Depending on the derivatization reagent, studies have demonstrated that reductively 

aminated glycans are capable of being retained on a reverse phase column.33, 38   

Recent reports have shown the separation of reductively aminated glycans by both 

HILIC16, 44 and RP33, 38 chromatography, and the development of commercialized kits 

(e.g. GlycoProfile for 2-AB labeling) for glycan derivatization have made glycan 

analysis using this derivatization strategy popular and versatile.   

 Pyrazolone derivatization of carbohydrates has also been used to facilitate 

MS and UV detection.6  The tag 1-phenyl-3-methyl-5-prazolone (PMP) is a common 

pyrazolone reagent that has been used frequently to derivatize glycans, and several 

reports have described separation of PMP-derivatized glycans using RP 

chromatography.6, 27, 31, 47-48  Perreault and coworkers27 compared separation and 

detection efficiencies of both RP chromatography and HILIC (NH2 column) of PMP-

glycans cleaved from ovalbumin and found that HILIC provided better glycan 

chromatographic resolution, but RP chromatography provided more sensitive ESI.  

Additionally, the glycan profiles were found to be different depending on the 
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separation method used.  PMP-derivatization of glycans was also used in the 

profiling of urinary oligosaccharides in mucopolysaccharidosis (MPS) type II (Hunter 

syndrome).31  The authors were able to separate the derivatized glycans and use the 

glycan profiles to distinguish between unaffected control samples and MPS II 

patients, leading to possible diagnosis strategies for Hunter syndrome.   

 Hydrazone formation is a similar derivatization strategy to reductive amination 

and pyrazolone derivatization in which hydrazine or hydrazide reagents can react 

with the reducing terminus of oligosaccharides.  Dansylhydrazine was the first 

reagent used in the hydrazone derivatization of glycans,49 and since, numerous 

reagents have been employed.6, 13-15, 25, 50-54  Hydrazone chemistry is often chosen 

for glycan derivatization due to the relatively simple and stable reaction that does not 

require a clean-up step after derivatization.14, 25, 50, 55  Numerous reaction conditions 

are presented in the literature,32, 52-53, 56-57 and recent studies from this group have 

shown consistent reaction efficiencies of hydrazide reagents with all classes of N-

linked glycans to be ≥95%.13-14  Mopper and coworkers have demonstrated the RP 

separation of dansylhydrazine derivatized glycans,32 and Perreault and coworkers 

have demonstrated the RP separation of glycans derivatized with the 

phenylhydrazine reagent.25-26, 55  The latter authors were able to separate N-linked 

glycan standards and N-linked glycans cleaved from ovalbumin, both derivatized 

with phenylhydrazine, on C8 and C18 columns. 

 Permethylation is an alternative derivatization strategy in which all hydroxyl, 

amino, and carboxylic acid groups are converted to their respective methyl-ether 
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functions.  This modification substantially increases the hydrophobicity of the 

glycans and allows for retention on a RP (C18) column.  This was first demonstrated 

by Vouros and coworkers, where a standard maltooligosaccharide ladder and 

standard branched complex N-linked glycans were permethylated and separated by 

RP chromatography.39  A more recent study has demonstrated a chip-based RP 

separation of permethylated glycans.40  The authors profiled the N-linked glycans in 

blood serum in search of diagnostic markers to distinguish breast cancer patients 

from controls.  Permethylation is an advantageous technique also because 

permethylated glycans can yield more informative MS/MS spectra, and often, 

branching patterns can be determined.58-60 

The derivatization steps necessary for glycan separation by RP 

chromatography often require a significant amount of additional sample preparation 

time, sample clean up procedures, and an increase in the analytical variability of the 

sample preparation strategy.  However, often the benefits of glycan derivatization 

can outweigh these downfalls by providing more glycan structural information,58-60 

more glycome coverage,13 the ability to relatively quantify glycans,16-17, 23, 61-65 and 

facilitated detection either by increased ion abundance in MS13, 15, 44-45, 50 or by 

adding a fluorescent or UV tag.28-29, 46, 49, 66-67   

Herein, we demonstrate that the separation of hydrazone derivatized N-linked 

glycans by RP chromatography has several significant advantages in comparison to 

HILIC including an increased number of detectable glycans, increased peak capacity 

due to better chromatographic resolution, reduced complexity of the spectra due to 
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the lack of ammonium adduction, reduced equilibration times, an increase in 

laboratory efficiency, and increased repeatability across laboratories currently 

equipped with instrumentation for proteomic analyses.  Each of these advantages 

will be discussed with specific examples and data, which were collected on the same 

LC platform for both chromatographic techniques (the platforms only differed in the 

packing material of the trap and analytical chromatography columns).  RP and HILIC 

separation will be discussed with respect to two samples:  1) maltodextrin 

oligosaccharide ladder and 2) N-linked glycans cleaved from pooled human plasma.  

In both samples, the number of glycans detected was greater when separated by RP 

chromatography rather than HILIC.  Thus, hydrophobic derivatization of N-linked 

glycans and separation by RP chromatography is a significant advantage over 

separation by HILIC and a significant advancement in the development of a high-

throughput strategy for the analysis of N-linked glycans. 

 

5.2 Experimental 

5.2.1 Materials  

The hydrazide reagent, 4-phenethylbenzohydrazide, used for N-linked glycan 

derivatization was synthesized previously23 in the Department of Chemistry at North 

Carolina State University.  Peptide: N-glycosidase F (PNGase F) was purchased 

from New England BioLabs (Ipswitch, MA).  The maltodextrin oligosaccharide ladder 

was purchased from V-Labs, Inc. (Covington, LA).  TSK-Gel Amide-80 and Magic 

C18AQ stationary phases were purchased from TOSOH Bioscience (San Jose, CA) 
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and Michrom BioResources (Auburn, CA), respectively.  Pooled human plasma, 

acetic acid, ammonium acetate, ammonium bicarbonate, dithiolthreitol, and formic 

acid were all purchased from Sigma Aldrich (St. Louis, MO).  HPLC grade 

acetonitrile, water, and methanol were purchased from Burdick & Jackson 

(Muskegon, MI). 

 

5.2.2 N-linked Glycan Derivatization Procedure 

N-linked glycans were derivatized with 4-phenethylbenzohydrazide (P2PGN) 

via hydrazone formation, as described previously.13  Briefly, immediately prior to 

reaction, a 1 mg/mL solution of P2GPN reagent was made in 75:25 (v/v) 

MeOH:acetic acid solution.  One hundred microliters of the reagent solution were 

then added to the lyophilized glycan sample, and the sample was vortexed, 

centrifuged, and allowed to incubate at 56° C for 3 hr.  The samples were then 

immediately lyophilized to dryness and stored at -20° C.   

 

5.2.3 Maltodextrin Sample Preparation 

Aliquots were made such that upon lyophilization, each contained 50 μg of 

maltodextrin ladder.  No further sample preparation was performed until 

derivatization with either the light or heavy P2GPN reagent.  After derivatization, the 

glycans were reconstituted in 200 μL of the LC initial conditions. 
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5.2.4 N-linked Glycan Extraction from Pooled Plasma 

Pooled plasma aliquots were prepared by pipetting 50 μL into individual vials, 

and 1 μg of internal standard (maltoheptaose) was added to each sample.  The 

samples were then lyophilized to dryness.  The glycan cleavage and extraction 

methodology has been developed and described in detail previously,10, 68 and the 

following briefly outlines the procedure used in this experiment with the deviations 

elaborated on from previous publications. The lyophilized pooled human plasma and 

internal standard were reconstituted in 191 μL of 100 mM ammonium bicarbonate 

buffer, vortexed, and centrifuged.  In order to denature the proteins, 2 μL of 1 M 

dithiothreitol (DTT) were added to make a final concentration of 10 mM DTT.  The 

plasma sample was then incubated in 95° C for 15 s followed by incubation at 25° C 

for 15 s.  The denaturation heat cycle was repeated 3 additional times.  Following 

denaturation, 2 μL (1000 units) of PNGase F (glycerol free) were added to the 

sample for N-linked glycan cleavage.  The mixture was vortexed, centrifuged, and 

allowed to incubate at 37° C for 18 hr.  Following incubation, ethanol precipitation 

was performed to crudely separate the glycans from the remaining proteins and 

plasma matrix.68  This was accomplished by adding 800 μL of chilled ethanol to the 

sample and letting it incubate for 1 hr at -80° C.  The sample was then centrifuged at 

13,200 rpm, and the supernatant was extracted and lyophilized.  Solid phase 

extraction (SPE) was then performed on the sample to remove any other 

contamination, remaining plasma matrix, or protein and has been described 

previously.10  The SPE fractions were then combined, lyophilized, and stored at -20° 
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C.  After derivatization, the glycans were reconstituted in 200 μL of the LC initial 

conditions. 

 

5.2.5 nano-Flow Hydrophilic Interaction Chromatography 

 Both derivatized and native N-linked glycans were separated by online HILIC 

prior to mass analysis, as described previously.9-10, 13  An Eksigent nanoLC-1D 

PLUS system (Eksigent, Dublin, CA) equipped with an HTS PAL autosampler (LEAP 

Technologies, Carrboro, NC) was set up to run in the vented column configuration.24  

The trap and analytical columns were packed in-house with TSK-Gel Amide-80 

stationary phase (TOSOH Bioscience, San Jose, CA).  A 100 μm inner diameter 

IntegraFrit capillary (New Objective, Woburn, MA) was packed to 5 cm and used as 

the trap column, and a 75 μm inner diameter PicoFrit (New Objective, Woburn, MA) 

was packed to 15 cm and used as the analytical column.  Mobile phase A consisted 

of 50 mM ammonium acetate in water (pH 4.5), and mobile phase B was 100% 

acetonitrile.  N-linked glycan samples were reconstituted in a 20/80% (v/v) ratio of 

mobile phase A/B and loaded onto the trap column at 2 μL/min in the same solvent 

conditions.  The sample was washed on the trap column for approximately 10 

column washes, and then, a gradient elution was performed where mobile phase B 

was varied from 80% to 45% over 35 min at a flow rate of 500 nL/min.  Column 

equilibration in 20% mobile phase A and column washing in 15% mobile phase B 

were performed at the beginning of the gradient, and a final column re-equilibration 
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was performed in the final 10 min of the run in 20% mobile phase A for a total run 

time of 70 min. 

 

5.2.6 nano-Flow Reverse Phase Chromatography 

 The same equipment and vented-column set-up was used for reverse phase 

chromatography as stated above for HILIC.  The columns were the same 

dimensions but were packed with Magic C18AQ stationary phase (Michrom 

Bioresources, Auburn, CA).  The stationary phase consisted of 5 μm particles with 

200 Å pore size.    Mobile phase A consisted of 98/2/0.2% water/acetonitrile/formic 

acid, and mobile phase B was 2/98/0.2% water/acetonitrile/formic acid.  Sample was 

reconstituted in a solution of 95/5/0.2% water/acetonitrile/formic acid solution and 

loaded onto the trap column at 2 μL/min in mobile phase A.  Approximately 10 

column washes were performed with mobile phase A, and then the sample was 

eluted from the trap column at 500 nL/min using a gradient elution.  The column was 

allowed to equilibrate for 5 min at 98% mobile phase A, and the gradient was 

ramped from 20% to 35% B over 33 min.  The column was washed in 98% B for 5 

min and allowed to re-equilibrate at the initial gradient conditions for 10 min for a 

total run time of 55 min.   

 

5.2.7 LTQ-FT-ICR Mass Spectrometry 

 Mass analysis was performed on a hybrid linear ion trap Fourier transform ion 

cyclotron resonance (LTQ-FT-ICR) mass spectrometer (Thermo Fisher Scientific, 
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San Jose, CA) equipped with a 7 Tesla superconducting magnet.  The instrument 

was calibrated per the manufacturer specifications.  ESI was achieved by attaching 

2.25 kV to the trap column union. The capillary was heated to 225° C with the 

capillary and tube lens voltages set at 42 and 120 V, respectively.  Data dependant 

acquisition was performed such that for every precursor scan in the ICR cell, a 

maximum of 5 ms/ms fragmentation scans were collected in the ion trap determined 

by the most intense precursor ions.  However, the second time a specific m/z was 

chosen for ms/ms, it was placed on an exclude list for 3 min, allowing for lower 

abundant analytes to be chosen for ms/ms as well.  The ions were dissociated in the 

ion trap using collision induced dissociation with a normalized collision energy (NCE) 

of 28.  An AGC of 8   103 with a maximum injection time of 100 ms was used in the 

ion trap scans, and an AGC of 1   106 with a maximum injection time of 500 ms was 

used in the FT scans.  The glycans were identified manually by accurate mass 

(composition identificaiton) and analyzed using Xcalibur software (v.2.0.7). 

 

5.3 Results and Discussion 

 The separation of N-linked glycans by RP chromatography affords several 

advantages including an increase in separation efficiency, an increase in the number 

of glycans detected, and practical advantages such as the ability to use a more 

widely employed LC-MS technique (e.g. proteomic analyses).  In order to 

demonstrate these advantages, two samples, maltodextrin and N-linked glycans 

cleaved from pooled human plasma, were used to compare the effectiveness of 
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HILIC and RP chromatography on the separation of both native and hydrazide 

derivatized glycans.  As HILIC has been shown to effectively retain and separate 

native and derivatized glycans,10, 13 this was used as the control separation method.  

The N-linked glycans cleaved from plasma and the maltodextrin samples were first 

analyzed by HILIC coupled online with LTQ FT-ICR MS in order to insure sample 

integrity.  Aliquots of the same samples (stored frozen at -20°C) were then analyzed 

by online RP chromatography coupled to FT-ICR MS using the same LC instrument 

platform.   

 Figure 5.1 contains the base peak chromatograms for both native and 

derivatized maltodextrin samples on HILIC (5.1a and 5.1b, respectively) and RP 

chromatography (5.1c and 5.1d, respectively).  As shown previously, both native 

and derivatized glycans are retained and separated by HILIC.10, 13-15, 23  In contrast, 

Figure 5.1c shows that there is no retention of native maltodextrin on the RP 

column, as is expected due to the polar nature of the glycans and the non-polar 

nature of the C18 stationary phase.  Upon derivatization of maltodextrin, Figure 5.1d 

shows that maltodextrin is capable of being separated and retained on a RP C18 

column.  It must be mentioned that these are the optimized HILIC and RP gradients 

for derivatized glycans.  Though the gradient for RP analysis of native glycans 

begins at >20% B, studies were also performed in RP starting at 2% B in order to 

optimize the native glycan retention.  However, there were no conditions in which 

native glycans were retained on RP chromatography. 
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Figure 5.1 – The base peak chromatograms of both native and derivatized (bold 

with *) maltodextrin (Hexn) oligosaccharides analyzed by HILIC (a and b, 

respectively) and RP chromatography (c and d, respectively).   
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Several additional important observations are made from the base peak 

chromatograms in Figure 5.1.  The HILIC base peak chromatograms show that the 

separation efficiency for both native and derivatized glycans varies as a function of 

the glycan retention time.  This is in contrast to the separation by RP 

chromatography, where the peak widths are uniform throughout the chromatogram.  

It is important in the analysis of N-linked glycans to have as narrow peak widths as 

possible in order to reduce the amount of possible co-elution and peak suppression 

due to the more easily ionized or more abundant glycans.  In the HILIC 

chromatograms, the glycans that elute over a large time window are the more 

hydrophobic and more abundant glycans, meaning that these glycans will likely elute 

at the same time as, and out-compete, the more hydrophilic, less abundant glycans.  

Figure C.1 in the supplemental material contains example extracted ion 

chromatograms (EIC) for both HILIC and RP chromatography to further show the 

superior resolution for RP chromatography.   

Though the fact that HILIC is capable of retaining both native and derivatized 

N-linked glycans is often viewed as an advantage, Figure 5.1b shows that these two 

species often have overlapping analytes, and this is a disadvantage when one is 

only interested in analyzing the derivatized N-linked glycans.  During derivatization, 

≤5% of each glycan remains untagged.  Though this seems like a small number, 

when the dynamic range of the sample comprises orders of magnitude, 5% of an 

abundant analyte is capable of out-competing lower abundant analytes in the 

electrospray droplet (e.g. Hex7 and *Hex14 in Figure 5.1b).  In contrast, the RP 
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chromatography of derivatized glycans has no contamination by the un-reacted 

glycan.  This is a significant advantage in comparison to HILIC and decreases the 

competition in the electrospray droplet and AGC ion trap capacity for the low 

abundant glycans. 

 The final important piece of data from Figure 5.1 is the total number of unique 

glycan compositions detected in each chromatographic system.  There are 12 

glycan compositions detected in Figure 5.1a, 14 in Figure 5.1b, 0 in Figure 5.1c, 

and 23 in Figure 5.1d.  This shows that independent of the chromatographic 

technique, it is always better to derivatize the N-linked glycans with hydrophobic 

hydrazide reagents than to analyze their native counterparts.  However, Figure 5.1 

also shows that it is significantly more productive (~65% more compositions 

detected) to separate derivatized glycans by RP chromatography than HILIC.  There 

are several differences in the two chromatography techniques that are possible 

reasons for this outcome.  First, as mentioned above (Figure C.1), the efficiency of 

RP chromatography is more uniform throughout the glycan retention window, and in 

general, the peak widths are narrower.  The oligosaccharide peak widths are 

compared in the supplemental material for the same 15 glycans (only 

oligosaccharides that were detected in both HILIC and RP techniques).  The HILIC 

peak widths have a range of 0.34-10.37 min with a mean of 2.23 min and standard 

deviation of 2.87 (Table C.1).  In contrast, the RP peak widths have a range of 0.34-

1.1 min with a mean of 0.49 min and a standard deviation of 0.18 (Table C.2).  

Because peak broadening spreads the analytes out over a longer retention time, the 



163 
 

detection limit will be lower for chromatographic techniques with narrower peak 

widths (i.e., higher concentration).  Additionally, the elution overlap of un-reacted 

glycans with lower abundant, derivatized glycans in HILIC causes competition in the 

electrospray droplet.  This hinders the ionization of the lower abundant glycans, 

causing fewer glycans to be detected in HILIC. 

 Furthermore, the efficiency of HILIC is often increased and the peak tailing 

minimized by addition of an acidic buffer such as ammonium acetate or ammonium 

formate.19, 69  However, the addition of ammonium salts into the buffer often has an 

adverse affect on detection due to the ammonium adduction in ESI.  Figure 5.2 

shows the difference in mass spectra between HILIC (top/blue) and RP 

chromatography (bottom/red) for three different glycan compositions (Figure 5.2a 

from maltodextrin and Figure 5.2b and Figure 5.2c cleaved from human plasma – 

vide infra).  It must be noted that all the glycans are detected in light and heavy pairs 

due to the derivatization with both the native and stable-isotope labeled glycan 

reagents (as published previously for the relative quantification of N-linked 

glycans23).  This was necessary to confirm that the light and heavy tagged glycans 

are affected identically in RP chromatography with no chromatographic shift due to 

the incorporation of 13C6.   

The absence of ammonium acetate in the RP solvent system allows for only 

the detection of the [M+nH+]n+ peak, whereas ammonium adduction is detected in 

the HILIC spectra due to the buffer system containing ammonium acetate.  This 
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negatively impacts the profiling of N-linked glycans because the ammonium 

adduction spreads the signal of one glycan composition into multiple m/z channels.  

Additionally, Figure 5.2a and Figure 5.2c show that for certain types of glycans in 

HILIC, the [M+nH+]n+ peak is not detected in the mass spectrum, making detection 

and identification more difficult. 

The observations discussed above have led to several conclusions on the 

mechanism of N-linked glycan separation by HILIC and RP chromatography.  Figure 

5.3 summarizes the observations made in the separation of N-linked glycans, both 

 
 

Figure 5.2 – Example mass spectra for (a) a hexose oligosaccharide in the 

maltodextrin sample and (b and c) two glycans cleaved from pooled human plasma.  

The top spectra (blue) were analyzed using HILIC-MS and the bottom spectra (red) 

were analyzed with RP-MS.  The difference in ammonium adduction is observed for 

several different types of glycans. 
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native and derivatized, in HILIC (Figures 5.3a and 5.3b) and RP chromatography 

(Figures 5.3c and 5.3d).  The mechanisms of both HILIC4, 21-22, 70-72 and RP 

chromatography41, 73 are frequently debated, and often, the compromise is that the 

separation techniques both involve a combination of partitioning and adsorption 

depending on the molecular properties of the analytes.  These properties permit the 

native glycans to interact significantly with the HILIC stationary phase and allow 

them to be retained on the HILIC column (Figure 5.3a).  However when derivatized, 

the glycan molecules become more hydrophobic, and the hydrophobic tag causes 

the glycan to partition more into the organic mobile phase, which decreases the 

 

 

 
 

Figure 5.3 – The observed retention behavior of native and derivatized N-linked 

glycans in HILIC and RP chromatography.  The magnitude of the arrows indicates 

the observed relative amount of interaction of the glycan with the stationary phase.  

The N-linked glycan shown is a general hexose structure to demonstrate the 

collective behavior of the maltodextrin glycans. 
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retention time (as seen in Figure 5.1b).  In the case of RP chromatography, the 

native glycan interacts very little with the hydrophobic C18 stationary phase (Figure 

5.3c), but when derivatized (Figure 5.3d), the glycan molecule becomes 

hydrophobic enough to interact with the C18 stationary phase, and the derivatized 

glycans are retained and separated (as seen in Figure 5.1d). 

The magnitude of the arrows in Figure 5.3 are used to portray the likelihood 

of the analyte interaction with the stationary phase and mobile phase and is 

dependent on the physical properties of the molecule.  Molecules that are 

hydrophobic will tend to interact more with the C18 stationary phase, whereas 

hydrophilic molecules will interact more with the mobile phase.  A molecule that has 

both hydrophobic and hydrophilic character (such as the derivatized glycans) will 

have competing interaction between the mobile phase and stationary phase.  Figure 

5.3c implies that there is little to no interaction between the native glycans and the 

RP stationary phase because no retention is observed.  However, because 

separation of derivatized N-linked glycans is observed on a RP column, the glycans 

must have some interaction with the stationary phase in order to have different 

retention times.  If the glycan molecules are assumed to have no interaction with the 

stationary phase, then all possible retention would be due to the hydrophobic tag 

interaction, and since all the glycans are derivatized with the identical tag, one would 

assume that there would be no separation of the glycans.  Since this was not 

observed, the partitioning of derivatized glycans was estimated by calculating the 

ratio of the hydrophobic surface area (NPSA) and the hydrophilic surface area (MW) 
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(equation development in supplemental Equation C.1).  A plot of both retention time 

and 
MW

NPSA
 vs. the number of hexose monosaccharide units is shown in Figure 5.4.  

It is seen that the estimated hydrophobicity:hydrophilicity ratio predicts a similar 

trend as experimentally observed for the retention of derivatized glycans.  This 

supports a partitioning mechanism for derivatized glycans based on both the 

hydrophobic and hydrophilic character of the molecule.  However, eventually (based 

on the extrapolation of Figure 5.4), the glycans will be so large, adding an additional 

 

 

 

 
 

Figure 5.4 – The retention times (left y-axis) of the maltodextrin ladder with respect 

to the size of the maltooligosaccharide.  The calculated partitioning trend of 

derivatized glycans is overlaid (right y-axis). 
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hexose monosaccharide (Hexn+1) will not afford any chromatographic separation 

from the previous oligosaccharide (Hexn).  Thus, a limitation of the N-linked glycan 

RP separation will be at the most hydrophilic glycan molecules, where separation of 

the analytes will be limited, and competition in the electrospray droplet could occur.  

HILIC could be a possible alternative to RP for these large glycans; however, due to 

the competition in the ESI droplet with underivatized glycans (vide supra), HILIC 

does not perform better than RP for glycans derivatized by hydrazone formation. 

In order to apply and study the advantages of RP separation over HILIC to 

complex mixtures, N-linked glycans cleaved from pooled human plasma were used 

to further compare the two chromatographic techniques.  The maltodextrin 

oligosaccharide ladder is composed only of hexose monosaccharide residues; thus, 

it was necessary to test and compare more complex glycans (containing fucose and 

sialic acid residues) and glycan mixtures on the RP system.  The base peak HILIC 

and RP chromatograms for derivatized N-linked glycans are shown in Figure 5.5a 

and Figure 5.5b, respectively (the native glycan chromatograms were not shown 

due to the results presented above – vide supra).  These chromatograms are a 

complex mixture of glycans.  However, Figure 5.5a shows that several glycans in 

HILIC are dominating the glycan retention window with large abundances and 

retention times on the order of minutes.  This is not seen in the RP chromatogram, 

implying less spectral competition due to the most abundant analytes.  In Figure 

5.5c, it is seen that all glycans that were detected in HILIC (42 unique compositions) 

were also detected in RP.  Moreover, 18 additional N-linked glycans were detected 
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Figure 5.5 – The (a) HILIC and (b) RP chromatography base peak chromatograms 

for derivatized N-linked glycans.  (c) Venn diagram of the total number of unique N-

linked glycan compositions cleaved from pooled human plasma and analyzed by 

online HILIC- and RP-MS. 
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using RP separation rather than HILIC.  The majority of these glycans were of the 

large, highly sialylated, complex glycan type that are typically low abundant and 

hydrophilic, two properties that make detection by ESI-MS difficult.  By increasing 

the chromatographic resolution, reducing ammonium adduction, and reducing the 

competition in the ESI droplet, the effective detection limit of the instrument was 

decreased so that one is able to delve deeper into the N-glycome of human plasma.  

In a few cases (mostly sialylated glycans), it was observed that the glycan 

compositional mass was detected at two distinct retention times.  This could possibly 

be due to isomeric separation, which would allow for quantification of glycan 

isomers.  However, this needs to be investigated more thoroughly in order to 

determine the cause and utility of this peak splitting.   

 Table C.3 in the supplemental material details the glycan compositions that 

were detected and their respective molecular weights that were detected using both 

HILIC and RP chromatographic techniques.  It is seen that numerous large complex 

glycans are only detected with RP separation.  The charge state has also been listed 

in Table C.3 for each glycan, and it was observed that glycans separated and 

analyzed in the RP solvent system are detected in higher charge states.  This could 

be due to the elution of the glycans in different organic:aqueous solvent ratios and 

the difference in acidic buffer (formic acid or ammonium acetate).  In comparison to 

other studies, the 60 unique N-linked glycan compositions detected using this 

method is on par with current literature.  Reinhold and coworkers were able to detect 

53 unique compositions,74 and this was increased to 106 by using plasma depletion 
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methods.  Lebrilla and coworkers report up to 64 unique compositions,68 and 

Ruhaak and coworkers report 47 unique compositions.75  However, utilizing the 

hydrazide quantification strategy presented previously,23 each sample consisted of a 

1:1 combination of a light and heavy derivatized sample, and only the glycans that 

were detected with a light and heavy pair in the spectra were determined to be 

identified.  Thus, each of the glycans that was detected is also capable of being 

relatively quantified using stable-isotope labeled derivatization. 

 

5.4 Conclusions   

RP separation of N-linked glycans, both simple and cleaved from pooled 

human plasma, was more efficient than HILIC with respect to both separation and 

detection by MS.  The discussed benefits of separating N-linked glycans by RP 

chromatography are in addition to the practical advantages that will increase the 

efficiency of ‘multi-omics’ laboratories.  The opportunity to use the same 

chromatographic instrumentation, solvents, columns, and set-up as are used with 

proteomic analyses is a practical advantage that cannot be understated.  Since 

many mass spectrometry groups who study glycosylation often study proteomics as 

well, the use of RP (C18) chromatography for both analyses nearly eliminates the 

time it takes to switch between techniques (which takes at least one day to fully 

switch out solvents and equilibrate the columns when transitioning to HILIC from RP 

chromatography and vice versa), greatly increasing the efficiency of instrument time.   
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 Furthermore, the ability to use a derivatization strategy that adds only 4 hr to 

the glycan sample preparation time while being able to analyze the samples on a 

RP-MS platform allows researchers to apply this derivatization strategy to glycans 

from any protein sample.  This compatibility with numerous research labs combined 

with the previously demonstrated advantages including relative glycan 

quantification23 and increased ESI efficiency13 make this a versatile, high-throughput 

strategy for the enhanced profiling and quantification of N-linked glycans cleaved 

from proteins.  Additionally, the ability to acquire data in nearly any laboratory 

studying proteomics or glycomic using the exact same LC-MS strategy will allow for 

more accurate comparisons across laboratories, reproducibility studies, and 

ultimately allow the field of glycomics to stride toward a more in-depth biological 

understanding of glycosylation including aberrant glycosylation in disease, cellular 

interactions, and biomarker discovery efforts. 
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CHAPTER 6 
 

The Use of a Xylosylated Plant Glycoprotein as an Internal Standard 
Accounting for N-linked Glycan Cleavage and  

Sample Preparation Variability 
 

The following work was reprinted from the recently accepted manuscript:  Walker, S. 
H.;  Taylor, A. D.; Muddiman, D. C.  Rapid Communications in Mass Spectrometry 
2013, Accepted: March 26, 2013.  Copyright 2012 John Wiley & Sons.   

 

5.1 Introduction 

The roles of glycosylation in biological systems are becoming increasingly 

evident,1-3 and numerous strategies have recently been developed using mass 

spectrometry to relatively quantify the amount of glycans in different samples.4-13 In 

this type of experiment, two (or more) samples are differentially labeled, processed 

in parallel, and mixed prior to analysis.  The relative amounts of each glycan in the 

two samples can then be quantified in one liquid chromatography mass 

spectrometry (LC-MS) analysis.  The disadvantage to these types of techniques is 

the variability introduced into the quantification by processing the samples in parallel.  

The analysis of N-linked glycans from a complex biological sample, such as human 

plasma, involves numerous sample preparation steps that each introduces variability 

into quantitative analysis.  Though efforts are taken to keep conditions constant 

between samples, slight variances in the digestion efficiency, derivatization 

efficiency, and solid phase extraction (SPE) recovery can skew the relative amounts 

of glycans detected.  Previous studies have utilized free sugars (simple, branched, 

and/or complex) to normalize or correct for sample preparation variability.4, 14-19  
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However, these spiked-in sugars are unable to account for the N-linked glycan 

cleavage variability between samples.   

The total variability (2
Total) of these measurements is comprised of both 

analytical (2
Analytical) and biological (2

Biological) variability (Equation 6.1).   

 

Because the main objective is to measure biological change, it is necessary to 

minimize and account for the analytical variability such that true and significant 

biological change can be detected.  However, when numerous samples must be 

processed in parallel, the samples are often grouped into ‘batches’.  This allows 

experiments containing hundreds of samples to be divided into smaller groups in 

order to facilitate sample preparation.  However, ‘batch’ processing has a cost due to 

all samples not being processed in parallel, and there are two main issues with 

multiple ‘batch’ processing in the same biological data set: 1) samples are often 

processed slightly different between samples and (to a larger degree) batches (e.g., 

cleavage temperature and time can be variable), and 2) often the same lot of 

enzyme is not able to be used for all batches introducing activity variability.  These 

issues pose inherent problems when trying to compare glycan abundances across 

not only samples but also across entire batches of data.  Thus, an internal standard 

that is capable of monitoring and correcting for sample preparation variability 

σ2
Total = σ2

Biological + σ2
Analytical (6.1)
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(including N-linked glycan cleavage variability) becomes a necessity in large-scale 

biological studies of glycosylation.   

It is shown in Equation 6.2 that many steps in the sample preparation and/or 

the human error contribute to the total variability of the measurement.   

 

The dashed box and the solid box represent the variability that can be accounted for 

by spiking in a free oligosaccharide and a glycoprotein standard, respectively, at the 

onset of sample preparation.  Thus, if there is significant variability in the enzymatic 

cleavage efficiency, the currently used free oligosaccharide internal standard would 

not be able to correct for this, a problem that will have an effect on the relative 

quantification of batch processed samples.  It is necessary to monitor this cleavage 

variability when analyzing numerous biological samples because often the biological 

matrix of each sample is different and undefined.  The matrix could have protease 

inhibitors or other physical properties that affect the enzymatic release of N-linked 

glycans.  Additionally, when processing large numbers of samples, lot to lot 

variation, enzyme activity over time, and incubation conditions can all vary.  This 

variability can significantly contribute to quantification results and must be controlled 

for in order to elucidate real and significant biological change. 

 A glycoprotein containing N-linked glycans would be an ideal candidate for 

having the potential to account for all aspects of sample preparation variability, 

σ2
Total =   σ2

Solid Phase Extraction + σ2
Derivatization + σ2

Individual + σ2
Technical

+ σ2
Incubation Temperature/Time  + σ2

Enzyme Activity + σ2
Enzyme Matrix + σ2

Biological (6.2)
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including variation in the cleavage efficiency between samples.  However, the 

glycoprotein must have several favorable properties to be able to be used as an 

internal standard including commercial availability, cost effectiveness, the ability for 

the glycans to be cleaved by PNGase F, and most importantly, the glycoprotein must 

contain N-linked glycans that are not already found in the biological system being 

studied.  Horseradish peroxidase (HRP) is a plant glycoprotein that is frequently 

used as a colorimetric indicator for antigen-antibody analyses.  Previous studies 

have reported that HRP contains N-linked glycans with a xylosylated and often α1,3-

fucosylated core.20-23  This makes it a good candidate for a glycoprotein internal 

standard due to the inability of most mammals to produce xylosylated glycans. 

 Herein, we report on the utility of spiking in HRP at the onset of sample 

preparation.  This allows one to monitor the PNGase F cleavage efficiency across 

samples, whereas maltoheptaose, a simple sugar internal standard, cannot.  This 

leads to skewed quantification results when there is variability introduced in the 

cleavage reaction due to differences in enzymatic activity, sample matrix, or 

degradation.  A time course digestion experiment of 6 identical pooled human 

plasma aliquots is used to simulate variability in digestion efficiency across samples.  

It is shown that comparing the ratios of the two internal standards do not produce the 

same correction factor when there is a discrepancy in the efficiency of the cleavage 

reaction (i.e. at short incubation times).  Thus, HRP is a successful internal standard 

for monitoring and controlling for not only the variation in the parallel sample 

preparation but also any variability in the enzymatic cleavage process. 
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6.2 Experimental 

6.2.1 Methods 

N-linked glycans cleaved from 50 μL aliquots of pooled human plasma 

(Sigma Aldrich, St. Louis, MO) were used to simulate variability in cleavage 

efficiency by allowing different samples to be incubated for various times ranging 

from 0 to 24 hr.  N-linked glycans were cleaved with PNGase F (New England 

Biolabs, Ipswitch, MA), an ethanol protein precipitation was performed, and the N-

linked glycans were separated from the plasma matrix and remaining proteins as 

previously reported.24  Both maltoheptaose (1 μg) and HRP (200 μg) were 

purchased from Sigma Aldrich (St. Louis, MO) and spiked into the plasma aliquots at 

the onset of sample preparation.  Upon completion of the solid phase extraction of 

the N-linked glycans, derivatization was performed in parallel as previously 

reported.4, 24-26  Samples were derivatized with either the ‘light’ (natural) or ‘heavy’ 

(stable-isotope labeled) P2GPN hydrazide reagent.4, 25  

 

6.2.2 nano-Flow Reversed Phase Chromatography Coupled Online to Q Exactive 
MS 
 
 The derivatized glycan samples were reconstituted in 200μL of a 5% ACN 

solution.  The sample was vortexed for 1 min and centrifuged for 5 min at 14,000 

rpm.  The supernatant was extracted and samples were mixed together in equal 

volumes for relative quantification per the experimental design (vide infra).  An 

EASY-nLC II autosampler and liquid chromatography (LC) system (Thermo Fisher 
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Scientific, San Jose, CA) was used to load 10 μL of the sample at 650 nL/min onto a 

cHiPLC column system (Eksigent, Dublin, CA) set up in the vented column 

configuration.27  Immediately after loading, the sample was washed with an 

additional 2 μL of mobile phase A.  A ChromXP C18-CL 75 μm x 15 cm analytical 

column (Eksigent, Dublin, CA) was used for both the trap and the analytical column, 

allowing for an effective column length of 30 cm.  The EASY-nLC II was used to 

perform gradient elution, where mobile phase A consisted of a 2% acetonitrile (ACN) 

and 0.2% formic acid solution, and mobile phase B consisted of a 98% ACN and 

0.2% formic acid solution.  Glycans were separated at a constant flow of 300 nL/min.  

The initial solvent condition was 2% mobile phase B and held for 1 min.  The mobile 

phase B composition was then increased to 22% over 1 min and further increased to 

35% over 35 min.  The column was washed with 90% mobile phase B and then re-

equilibrated in the initial conditions for 15 min.  The LC eluent was detected online 

by a QExactive mass spectrometer equipped with a nanospray source (Thermo 

Fisher Scientific, San Jose, CA).  Electrospray ionization was achieved by applying 

2.25 kV at the union adjoining the emitter tip and the outlet capillary of the LC.  The 

capillary was heated to 225 °C, and the instrument was calibrated per the 

manufacturer specifications.  Data dependent acquisition was performed, such that 

up to 5 MS/MS spectra were taken per precursor scan, where the most abundant 

ions were chosen for fragmentation.  After a precursor ion has been chosen for 

fragmentation, it is put on an exclude list for 25 s.  The precursor ions were detected 

in the orbitrap mass analyzer at 70,000 resolving power at m/z = 200 with a 1 × 106 
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automatic gain control (AGC) and a maximum injection time of 250 ms.  The ions 

chosen for fragmentation were subjected to higher energy collision dissociation 

(HCD) at a normalized collision energy (NCE) of 20.  The product-ion spectra were 

collected in the orbitrap as well and detected at 17,500 resolving power at m/z = 

200, with a 2 × 104 AGC and a maximum injection time of 120 ms.  The unique 

glycan compositions were identified manually using accurate mass and analyzed 

using Xcalibur software (v.2.2). 

 

6.3 Results and Discussion 

 Two 200 μg samples of HRP were prepared, derivatized with the natural and 

SIL hydrazide tags, combined in equal volumes, and analyzed as a control using the 

same glycan extraction procedure as that in plasma to determine the complexity 

HRP would add when spiked into a plasma sample.  Only two N-linked glycans were 

detected in the spectra, Hex3HexNAc2Xyl1 and Hex3HexNAc2Fuc1Xyl1, and both of 

these glycans contain xylose (as reported in the literature)20-23, which is not found in 

human biosynthetic pathways.  However, the Hex3HexNAc2Fuc1Xyl1 has a low signal 

to noise ratio, which could introduce technical variation; thus, the more abundant 

Hex3HexNAc2Xyl1 (Figure 6.1b) will be referred to as the “HRP” internal standard 

and used to determine the effectiveness of accounting for the total sample 

preparation variability using a xylosylated N-linked glycoprotein.  Figure 6.1a shows 

a generic plant protein with xylosylated N-linked glycan cores.  The lack of xylose 

found in mammalian biosynthetic pathways allows plant N-linked glycans to be 
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unique from the N-linked glycans of interest.  An additional property of many plant 

glycoproteins is the presence of α1-3 fucosylated core, and glycans containing this 

motif are not able to be cleaved by PNGase F.  This is also the reason only two N-

linked glycans were detected from HRP.  These attributes, along with the 

commercial availability, make HRP a great candidate for a glycoprotein internal 

standard.   

A time course glycan deglycosylation experiment was used to simulate 

different enzymatic cleavage efficiencies in aliquots of the same pooled human 

plasma sample.  Six pooled human plasma samples were denatured and subjected 

to PNGase F digestion.  One sample was removed at each of the following time 

 

 
 

Figure 6.1 – a) Generic plant glycoprotein showing core α1,3-fucose and core 

xylose containing glycans; b) HRP internal standard, Hex3HexNAc2Xyl1, detected 

after treating the two control samples with PNGase F, differential derivatization, and 

combining the samples in equal volumes. 

Xylose – Monosaccharide

found in plants but not in human

biosynthetic pathways.

Fucose – α1,3-fucose is not able

to be cleaved by PNGase F

Cleavable, xylosidated N-linked glycan

unique from mammalian N-linked glycans.

b)  Hex3HexNac2Xyl1a)  Plant Glycoprotein

[M+P2GPNL+H+]+

[M+P2GPNH+H+]+

128912831277

m/z

Figure 1
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points:  0, 4, 8, and 12 hr.  Two samples were incubated for a full 24 hr (24a and 

24b).  When removed from the incubator, each sample was immediately quenched 

with ethanol and placed in the -80°C freezer.  After the final 24 hr samples were 

removed from the incubator, all samples were allowed to incubate at -80°C for 1 

additional hr, centrifuged, and dried.  All aliquots were processed identically aside 

from the amount of time they were incubated for deglycosylation and the amount of 

time spent in the -80°C ethanol incubation.  Each sample will be referred to by the 

PNGase F deglycosylation incubation time for the sample.  The 0, 8, and 24a 

samples were derivatized with the ‘light’ P2GPN reagent, and the 4, 12, and 24b 

samples were derivatized with the ‘heavy’ P2GPN reagent.  This allowed for 

comparisons between each adjacent (in time) sample and a comparison between 

each sample and one of the 24 hr time points.   

 Figure 6.2a shows the utility of using a glycoprotein as an internal standard 

by plotting the HRP glycan (corrected by the maltoheptaose internal standard) at 

different PNGase F incubation times.  It is shown at the early time points that the 

maltoheptaose is incapable of taking into account poor efficiency in the PNGase F 

cleavage reaction.  This is experimental evidence that the free oligosaccharide can 

only account for the variability in the dashed box in Equation 6.2.  However, 

because the PNGase reaction efficiency can be monitored over time using the HRP 

glycan, all of the variability in the solid box in Equation 6.2 can be accounted for, 

making the HRP glycoprotein a more effective internal standard. 
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Figure 6.2 – a) The HRP glycan relative abundances, corrected by maltoheptaose 

and normalized to the 24-hr time point, at each of the 5 PNGase F incubation times.  

The abundances are normalized to the 24-hr time point, where 100% cleavage 

efficiency is assumed.  b) Histogram plotting the log2(Heavy:Light) for the 24a-24b 

sample and corrected by HRP. 
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 Though it is shown that the HRP is effective in accounting for enzymatic 

cleavage variability, in order for it to be a productive internal standard, it must also 

account for the additional sample preparation variability shown in Equation 6.2.  

Thus, the two aliquots of plasma that were incubated for 24 hours were used to 

determine the effectiveness of the HRP glycan as an internal standard for correcting 

for 2
Total in glycan relative quantification experiments.  The 24a-24b comparison 

sample is assumed to have no biological variability (2
Biological = 0).  Thus, any 

systematic variability in the measurement should be able to be corrected using an 

internal standard.  Figure 6.2b shows the relative quantification histogram of the 50 

most abundant N-linked glycans in the 24a-24b comparison corrected by HRP.  The 

mean  95% confidence interval for the heavy:light glycan ratio is 1.001  0.037, 

which statistically encompasses the expected 1:1 ratio.  Histograms for other time 

points have not been shown due to the large variation in the cleavage efficiencies of 

different glycans at short digestion times. Neither internal standard is capable of 

reducing the random variability due to the variable cleavage rates of each glycan 

composition.  This is why glycan cleavage is performed for >18 hr.  Additionally, 

matrix effects on the cleavage efficiency would be systematic to all glycans, thus 

correctable using HRP. 

Figure 6.2b also shows the analytical variability of this relative quantification 

strategy of N-linked glycans in a complex biological mixture.  Because two aliquots 

of the same plasma sample were used for the 24a-24b time points, zero biological 

variability can be assumed.  Thus, it is shown by the distribution in Figure 6.2b that 
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a ratio with more than  40% deviation from unity can be deemed as a biologically 

significant change.  By introducing HRP as an internal standard, the systematic 

variability of analytical sample preparation can be minimized, and if there are 

negligible differences in the cleavage reaction efficiency, HRP as an internal 

standard performs as well as spiking in a standard oligosaccharide. However, in 

situations where there is significant variation in the cleavage efficiency, the HRP 

internal standard out-performs the free oligosaccharide (Figure 6.2a) and is more 

suited to correct for analytical systematic variation than a free oligosaccharide.  

Importantly, for a large number of samples that are carried out in batches, the 

approach described herein is critical to make quantitative comparisons.   

 

6.4 Conclusions   

 The use of a glycoprotein as an internal standard has the potential to correct 

for both the cleavage and sample preparation variability between two samples, and 

HRP has been shown to be an effective glycoprotein for this task.  HRP will be used 

in future studies as the primary internal standard for correcting sample preparation 

and PNGase F cleavage efficiency for N-linked glycan large scale relative 

quantification studies.  Additionally, maltoheptaose will also be used as a secondary 

internal standard.  This will allow one to measure the systematic variability due to 

parallel sample preparation alone (maltoheptaose ratio), and by comparing the HRP 

light and heavy abundances to those of the maltoheptaose, the variability solely due 

to the enzymatic cleavage reaction can be determined.  By monitoring this, we can 
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systematically account for any enzyme lot to lot variability, variation in the enzyme 

activity over time, variation in incubation conditions between batches, and the 

variability of each undefined biological matrix (e.g. plasma) which can inhibit glycan 

cleavage.  Though it is often assumed that the glycan cleavage efficiency between 

samples has little variation due to the long incubation times, it would be analytically 

improper to not incorporate a suitable control for this assumption when studying 

biological change over a large number of samples.  Thus, HRP provides a widely 

available, cost-effective tool that is easily incorporated into a majority of N-linked 

glycan relative quantification workflows. 
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CHAPTER 7 
 

Individuality Normalization when Labeling with Isotopic Glycan Hydrazide 

Tags (INLIGHT):  A Novel Glycan Relative Quantification Strategy 

 
The following work was reprinted from the recently submitted manuscript:  Walker, 
S. H.; Taylor, A. D.; Muddiman, D. C.  Journal of the American Society for Mass 
Spectrometry.  Submitted: April 5, 2013.   

 

7.1 Introduction 

 The ubiquity of glycosylation in biological systems is evident in that the 

majority of translated gene products are glycosylated,1-2 and glycosylation is 

involved in cellular recognition, cell-cell interactions, cell division and adhesion, 

protein folding and stability, and protein function.3  Due to the importance of 

glycosylation in biological systems, it is necessary to develop high-throughput 

strategies to profile and quantify glycans in a high-throughput and reproducible 

manner.  This applies to not only sample preparation and the analysis platform 

(often liquid chromatography coupled online to mass spectrometry (LC-MS)), but 

also to the bioinformatic processing strategy.  Recently, numerous strategies have 

been described in the literature for the relative quantification of N-linked glycans 

using LC-MS-based stable-isotope labeled derivatization strategies.4-11  However, 

because these strategies have only recently been developed and there are limited 

bioinformatic platforms for the analysis of LC-MS glycomic data, few glycomics 

experiments can be repeated, compared, or even reproducibly analyzed across 

laboratories.   
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 Stable-isotope labeled (SIL) derivatization strategies involve differentially 

labeling two glycan samples via either a ‘light’ or ‘heavy’ reagent.  This allows the 

two samples to be mixed together, analyzed in the same LC-MS run, and separated 

by mass.  The relative ion abundances of a specific ‘light’ and ‘heavy’ glycan pair 

can then be measured, and the relative amounts of the glycan in each sample can 

be quantified.  In these types of studies, there are numerous decisions that must be 

made on how to reproducibly measure the relative amounts of the light- and heavy-

labeled glycans.  These decisions include whether to quantify based on ion 

abundance ratios or extracted ion chromatogram (EIC) peak area ratios, whether to 

use the monoisotopic peak or the entire isotopic distribution for quantification, how to 

control for differential isotopic shift and/or isotopic overlap, and how to normalize for 

any systematic variability introduced due to the parallel sample preparation and 

systematic biological variability.  Thus, a strategy must be developed in order to 

process SIL relative quantification LC-MS data in a reproducible manner. 

 Stable-isotope labeling for the relative quantification of glycans has been 

described for metabolic SIL4 and several different types of SIL glycan derivatization 

strategies including permethylation,5, 7, 11 reductive amination,6, 10 PMP 

derivatization,8 and hydrazone formation.9  Each of these strategies is unique such 

that one must process the data slightly differently.  For example, the isotopic 

permethylation strategies and IDAWG will have a different m/z shift for each glycan 

depending on the size, branching, and constituent monosaccharides present. In 

contrast, techniques such as reductive amination, PMP derivatization, and 
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hydrazone formation introduce a fixed number of stable-isotopes resulting in a fixed 

m/z shift.  The stable-isotope label also must be noted.  Because 13C and 15N are not 

chromatographically resolved from 12C and 14N, respectively, it is practical to use LC-

MS and quantify by EIC peak area.  However, SIL techniques which incorporate 

deuterium should use caution when paired with LC-MS due to the possibility of 

chromatographic separation,12-14 which can lead to skewed quantification based on 

different mobile phase composition and different electrospray ionization efficiency. 

Thus, these studies will be the most effective using direct infusion ESI or MALDI and 

quantifying based on ion abundance. 

Because the purpose of developing glycan relative quantification strategies is 

most often to measure differences in the glycan profiles of biological systems, it is 

necessary to minimize the random analytical variability and account/correct for any 

systematic analytical and biological variability such that the biological change of 

interest can be elucidated.  The most effective strategy for minimizing sample 

preparation variability in glycan SIL relative quantification studies are those that 

involve metabolic labeling (e.g. IDAWG) due to the mixing of the two samples at the 

onset of sample preparation.  However, the majority of glycan relative quantification 

studies are not capable of being performed in cell culture. Thus, many of the glycan 

SIL strategies involve parallel sample preparation in which variability is introduced at 

each step and must be controlled and corrected for in order to avoid detecting 

differences in relative abundance due to sample preparation variability.  This can be 

accomplished by incorporating internal standards at the onset of sample preparation 
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and has been demonstrated in previous glycan literature.9, 15-20  The most common 

internal standards used in glycan relative quantification experiments include free 

sugars (such as maltoheptaose).  While these internal standards are capable of 

correcting for sample preparation variability in the purification of N-linked glycans, 

derivatization efficiency, and other technical variability, studies which require the 

release of N-linked glycans from proteins often continue to use free glycans as 

internal standards.  However, variability can be introduced when using enzymatic 

cleavage (PNGases) due to lot-to-lot variability, loss of enzyme activity over time, 

and when using an enzyme in an undefined biological matrix that could contain 

endogenous species which may inhibitor the enzyme.  Thus, a recent report has 

demonstrated the use of a plant glycoprotein (horseradish peroxidase) as an internal 

standard that can be used to account for all sample preparation systematic 

variability, including enzymatic release efficiency, when processing samples in 

parallel.19 

Though using a single internal standard has been shown to be effective for 

samples with similar biological matrices (aliquots of pooled human plasma),19 often 

very little is known about the specific matrix of each sample.  For example, when 

comparing a biological specimen from two individuals, the total protein concentration 

may be different, the total glycosylation may be different, and/or inhibitors to 

PNGase F may be present.  Thus, each of these situations complicates relative 

quantification, and a single internal standard will not be able to account for these 

situations.  Additionally, a single glycan internal standard may act significantly 
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different than other types of glycans (e.g. high mannose, complex, hybrid, 

fucosylated, acidic), creating a biased correction based on the chosen internal 

standard.  Attempts can be made to normalize to the total protein concentration; 

however, this is not always proportional to the total glycosylation between different 

biological samples and biological states. 

When measuring changes in a biological system (e.g. onset of disease) every 

effort must be made to define the inter-individuality (i.e. the variability of biological 

constituents in a population21-22) of a specific biological sample set.  Though these 

changes are often random between samples and can only be defined but not 

minimized, the previously mentioned systematic variations in individuality between 

samples must be accounted for in order to elucidate biological change.  Because 

these situations cannot be accounted for using a spiked-in internal standard, other 

methods must be developed such that both analytical and biological systematic 

variability can be accounted for.  Strategies for normalization in proteomic label free 

relative quantification experiments have been reported.23-28  These studies discuss 

how to elucidate biological change while accounting for variations in the sample 

preparation.  Three proteomic normalization strategies can be applied to glycans:  1) 

normalization to selected proteins (analogous to spiking in a glycan internal standard 

– vide supra),28 and 2) normalization based on total spectral counts (TSpC).23-24, 28-29  

These two normalization strategies have been recently compared28 and show that 

TSpC normalization performs more effectively than the normalization to selected 

proteins.  This gives insight into possible glycan normalization methods and leads 
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one to believe that normalization to the total glycosylation of each sample may be a 

more effective strategy than using an individual spiked-in internal standard. 

 Herein, the INLIGHT method for generating and analyzing glycan SIL relative 

quantification data is described in detail, where N-linked glycans are derivatized with 

fixed mass shift SIL reagents9 via hydrazone formation30-31 and analyzed by 

reversed phase liquid chromatography (RPLC) coupled to a Q Exactive mass 

spectrometer.  The reagents used for derivatization have been previously reported,9 

and offer significant advantages (increased ionization efficiency,30-31 near 

stoichiometric derivatization,30-31 analysis by RPLC,32 no post-derivatization clean up 

step, and <4 hr derivatization time) in addition to the ability to perform relative 

quantification in LC-MS.  The INLIGHT strategy for relative quantification involves 

generating an extracted ion chromatogram for each light- and heavy-derivatized 

glycan based on the monoisotopic peak at a MMA of 5 ppm, correcting for the 

isotopic overlap of large molecular weight (MW) glycans, correcting for systematic 

analytical and biological variability, and determining the relative amounts of N-linked 

glycans in each sample.  A method for isotopic overlap correction of glycan SIL 

relative quantification data is presented, and a post-acquisition data normalization 

strategy is described that is capable of accounting for both analytical and biological 

systematic variability.  The INLIGHT strategy is demonstrated to be effective for the 

relative quantification of glycans using both a standard glycan ladder and pooled 

human plasma while minimizing the systematic variability in the measurement.  The 

success of the INLIGHT strategy is ultimately demonstrated by the detection of 
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significant change in N-linked glycan abundances when a glycoprotein is spiked into 

pooled human plasma. 

 

7.2 Experimental 

7.2.1 Materials 

Maltodextrin was purchased from V-Laboratories, Inc. (Covington, LA), and 

horseradish peroxidase, pooled human plasma, and other consumable chemicals 

were purchased from Sigma Aldrich (St. Louis, MO).  Peptide: N-glycosidase F 

(PNGase F) was purchased from New England BioLabs (Ipswitch, Ma).  HPLC 

grade solvents were purchased from Burdick & Jackson (Muskegon, MI).  The 

hydrazide reagent, 4-phenethylbenzohydrazide, was synthesized previously in both 

the natural and stable-isotope labeled form in the Department of Chemistry at North 

Carolina State University.9 

 

7.2.2 N-linked Glycan Derivatization Procedure   

Maltodextrin and N-linked glycans cleaved from pooled human plasma were 

derivatized with either the light or heavy 4-phenethylbenzohydrazide (P2GPN) using 

the method previously described.31  Briefly, a 1 mg/mL solution of each reagent was 

made immediately prior to reaction in 25:75 acetic acid:methanol (v/v).  To the dried 

glycan sample, 200 μL of the reagent solution was added.  The sample was 

vortexed, centrifuged, and incubated at 56°C for 3 hr.  The samples were dried in 

vacuo at 55°C, and the lyophilized powder was stored until analysis at -20°C. 
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7.2.3 Maltodextrin Sample Preparation   

The maltodextrin sample has been prepared such that each vial contains a 50 

μg aliquot of dried glycan powder.  The samples were either derivatized with the light 

or heavy P2GPN reagent, according to the procedure detailed above.  Before 

analysis, the samples were reconstituted in 200 μL of the initial LC conditions.  The 

samples were then vortexed, centrifuged, and the supernatant was extracted and 

analyzed. 

 

7.2.4 N-linked Glycan Extraction from Pooled Plasma   

N-linked glycans were cleaved from pooled human plasma aliquots following 

methods detailed previously.20, 32  Briefly, at the onset of sample preparation 200 μg 

of a plant glycoprotein internal standard, horseradish peroxidase (HRP), was added.  

PNGaseF was used to liberate the N-linked glycans from 50 μL aliquots of pooled 

human plasma, the reaction was incubated for 18 hr, and an ethanol precipitation 

step was performed immediately after glycan cleavage to remove a majority of the 

plasma proteins.  The remaining glycans were further purified using solid phase 

extraction (SPE).  Following SPE, the samples were dried and stored at -20°C until 

analysis.  The samples were either derivatized with the light or heavy P2GPN 

reagent, according to the procedure detailed above.  Before analysis, the samples 

were reconstituted in 200 μL of the initial LC conditions.  The samples were then 

vortexed, centrifuged, and the supernatant was extracted and analyzed. 
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7.2.5 cHiPLC nano-Flow Reverse Phase Chromatography  

The derivatized glycan samples were analyzed using reverse phase liquid 

chromatography.  Ten microliters of the glycan samples were injected onto the 

column using an EASY-nLC II autosampler and liquid chromatography (LC) system 

(Thermo Fisher Scientific, San Jose, CA) in mobile phase A at 650 nL/min.  The 

sample was then washed with an additional 2 μL of mobile phase A.  Mobile phase A 

and B consist of 98/2/0.2% and 2/98/0.2% water/acetonitrile/formic acid, 

respectively.  The separation of derivatized N-linked glycans was performed on a 

cHiPLC system (Eksigent, Dublin, CA) in the vented column configuration,33 using a 

ChromXP C18-CL 75 μm × 15 cm analytical column for both the trap and analytical 

column.  This dual-analytical column setup allowed for a total column length of 30 

cm, and glycans were separated at a flow rate of 300 nL/min.  The initial conditions 

of 2% mobile phase B were held for 1 min, and then, mobile phase B was ramped to 

22% over 1 minute.  The mobile phase B composition was further ramped to 35% 

over 35 min, and the column was washed at 95% mobile phase B and re-

equilibrated for 15 min at the initial solvent conditions. 

 

7.2.6 Q Exactive Mass Spectrometry 

The RP chromatography system is coupled online to a Q Exactive mass 

spectrometer equipped with a nanospray source (Thermo Fisher Scientific, San 

Jose, CA).34  Glycans were ionized by applying 2.25 kV to the union between the 

outlet of the LC system and the emitter tip.  The MS inlet capillary was heated to 
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225°C.  Glycans were detected using data dependent acquisition, where up to 5 

precursor ions per full scan were chosen for MS/MS fragmentation.  The 5 precursor 

ions were chosen based on ion abundance, and once an ion is chosen, it is put on 

an exclusion list for 25 s so that other precursors may be fragmented in the next 

cycle.  In the full scan, precursor ions are detected in the Orbitrap at a resolving 

power of 70,000 (FHWM) at m/z = 200.  The automatic gain control (AGC) was set 

to 1 × 106 ions, and the maximum injection time was set to 250 ms.  Upon selection 

for fragmentation, the precursor ions are isolated and fragmented in the higher 

energy collision dissociation (HCD) cell at a normalized collision energy (NCE) of 20.  

In the product ion scan, ions are detected in the Orbitrap at a resolving power 

(FWHM) of 17,500 at m/z = 200.  The AGC was set to 2 × 104 ions, and the 

maximum injection time was set to 120 ms.  The instrument was calibrated just 

before the data set per the manufacturer’s specifications.  Unique glycan 

compositions were manually identified via accurate mass ( 5 ppm) and analyzed 

using the manufacturer’s software (Xcalibur v.2.2).  The N-linked glycan database, 

detailed integration, and processing strategy are all included in the supplementary 

material (Appendix D). 

   

7.3 Results and Discussion 

 In this study, two samples, a hexose sugar ladder and pooled human plasma, 

were used to develop and demonstrate the effectiveness of the INLIGHT relative 

quantification strategy.  Maltodextrin, a linear glucose polymer, was used as a 
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standard for developing a reproducible strategy for the analysis of SIL glycan relative 

quantification data.  Using maltodextrin as a standard affords several advantages 

including minimized sample preparation variability in comparison to a biological 

sample, a large molecular weight range (~150-10,000 Da), and a wide abundance 

range (>5 orders of magnitude).  This allows one to determine the effectiveness of 

the glycan quantification strategy and processing method at a wide variety of glycan 

sizes and abundances, mimicking a biological sample, while minimizing the 

variability. 

 The native and SIL P2GPN reagents (described previously9) were used in this 

experiment to derivatize glycans and have a nominal mass difference of 6 Da.  At 

low molecular weights (~1000 Da), a 6 Da shift in the SIL tag mass is sufficient to 

fully separate the isotopic distributions (Figure 7.1a).  However, as the molecular 

weight of the glycans becomes larger, the isotopic distributions begin to overlap 

(Figure 7.1b-d).  This poses a problem because the current method for analyzing 

SIL relative quantification data is by generating extracted ion chromatograms of both 

the light and heavy monoisotopic peaks and creating a peak area ratio.  Because the 

monoisotopic peaks (A peak) are used to extract the chromatograms for 

quantification, any overlapping isotopic distribution from the light-labeled sample will 

contribute to the area of the heavy-labeled sample. In order to account for this 

isotopic overlap of large molecular weight glycans, the isotopic distribution was 

modeled for each maltodextrin analyte detected.  Using the theoretical isotopic 

distribution, the ratio of the A+6Light peak to the ALight peak can be determined for 
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each molecular weight.  This ratio can then be used determine the amount of area 

contributed by A+6Light peak and subtracted from the Σ[M+nH+]n+
Heavy area.  Thus the 

corrected heavy peak area (Σ[M+nH+]n+
Heavy_Corrected) can be calculated using 

Equation 7.1, and the H:L ratio can be calculated using Equation 7.2. 

 

∑                       
    ∑             

      
        

      
  ∑             

  

 (Equation 7.1) 

                                     
∑                       

  

∑             
    

 (Equation 7.2) 

 

In order to demonstrate contribution of the isotopic overlap to the relative 

quantification data and the effectiveness of correcting the data using Equations 7.1 

and 7.2, two aliquots of maltodextrin were differentially labeled (one with the light 

and one with the heavy reagent), the two samples were mixed in a 1:1 ratio, and 

analyzed.  It is shown in Figure 7.2a that the expected 1:1 glycan ratios are not 

correctly measured in the raw data.  Additionally, Figures 7.2b and 7.2c show that 

the ratios of these data are skewed by a combination of both the increasing 

molecular weight and the decreasing ion abundance in the spectra.  Upon closer 

observation, it is clear that at low glycan ion abundances, the incorrect measured 

ratio is due to the glycan concentrations in the sample approaching the detection 

limits of the instrument.  Here, one peak of the ion pair is at or just above the 
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detection limit, causing the detected glycan ratios to be non-representative of the 

data.  These glycans are shaded in the blue box in both Figures 7.2b and 7.2c.   

Thus, based on this observation and the specification of our instrument, the data will 

be truncated below a normalized abundance value of 1×10-4. 

After the normalized abundance cutoff was applied, the data were further 

corrected using Equations 7.1 and 7.2.  By correcting for the isotopic overlap of the 

glycans, the molecular weight dependence of the ratio is eliminated (Figure 7.2e).  

Although it is shown that the isotopic overlap can be corrected for, the glycans are 

 

 
 

Figure 7.1 – a-d)  Theoretical isotopic distributions for light and heavy glycan pairs 

in a 1:1 ratio at 1000, 3000, 4000, and 7000 Da, respectively.  The dotted lines 

represent the abundance of the light and heavy [M+nH+]n+ peaks and show the 

discrepancy in quantification if isotopic distribution overlap is not taken into account.  

e)  A plot of the theoretical A+6L to AL ratio vs. the molecular weight of the 

maltodextrin ladder.  
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still not detected with the ideal 1:1 ratio in Figure 7.2d-f.  Thus, this data set was 

used to demonstrate the effectiveness of a Total Glycan Normalization Factor 

(TGNF) for the correction of systematic variability in the sample and sample 

preparation (Figures 7.2g-i).  This TGNF is analogous to TSpC normalization23-24, 28 

in label free proteomic methods and is described by Equation 7.3.  This method 

 

 
 

Figure 7.2 – Maltodextrin 1:1 (H:L) mixture.  a-c)  Raw data; d-f)  abundance 

truncated and isotopic overlap corrected data; g-i)  abundance truncated, isotopic 

overlap, and TGNF corrected data.  For each of these situations, the histogram, 

molecular weight, and normalized abundance have been plotted.  
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sums both the heavy glycan areas and light glycan areas and takes the ratio in order 

to calculate TGNF (larger value always on top).  This factor is then multiplied by 

each of the glycan areas in the sample with the smaller of the two sums in order to 

normalize the two data sets.  Equation 7.3 sums the 30 most abundant glycan 

areas for each sample.  All glycans are not used due to the mentioned adverse 

effects of low abundant glycans (vide supra).   

 

     
∑                 

  
   

∑                 
  
   

   (Equation 7.3) 

 

  

It is shown in Figures 7.2g-i that the TGNF (in combination with the 

molecular weight correction and abundance truncation) is capable of correcting for 

nearly all of the systematic variation of the sample preparation and analysis method.  

This allows for accurate relative quantification for 4 orders of magnitude when using 

the INLIGHT strategy, and after filtering out the low-abundance data (< the 

normalized value of 1×10-4), the mean  95% confidence interval for the TGNF and 

molecular weight corrected H:L ratio is calculated to be 1.06  0.02.  In contrast, the 

mean  95% confidence interval for the raw data (Figures 7.2a-c) after truncating 

using the abundance cutoff is calculated to be 1.37  0.04.  Additionally, a two-tailed 

f-test for different variances was performed, and it was shown that the variance of 

the corrected data was significantly less than the variance of the raw data.  This is 
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attributed to the molecular weight correction, and the reduction in variability will allow 

for lower cutoffs when determining significant biological change.    

 An additional data set was prepared such that the light- and heavy-labeled 

maltodextrin samples were mixed in the following ratios to generate a total of 7 

samples:  5:1, 2:1, 1.5:1, 1:1, 1:1.5, 1:2, and 1:5.  Figure 7.3 plots the TGNF and 

molecular weight corrected experimental H:L ratio vs. the calculated H:L ratio for 3 

representative glycans of different molecular weights: Hex4, Hex14, and Hex24.  The 

data are plotted in triplicate for each of the three glycans, and a weighted least 

squares regression was calculated.  The slope  95% confidence interval of the 

regression in Figure 7.3 was found to be 1.01  0.03, and the intercept  95% 

confidence interval was found to be 0.004  0.06.  These data show that the 

INLIGHT strategy is capable of statistically measuring the ideal slope of unity and 

ideal intercept of 0, and the linear range of quantification spans a 5-fold change in 

glycan abundance in both directions. 

 The maltodextrin ladder has been used as an effective model for N-linked 

glycans in mammalian biological systems, and it has been shown that the INLIGHT 

strategy is capable of quantifying glycans in a sample with ~50 oligosaccharides.  

However, this model glycan ladder required minimal sample preparation, thus 

allowing for minimal sample preparation variability.  The following studies were 

performed in aliquots of pooled human plasma in order to determine the 

effectiveness of the INLIGHT strategy in samples requiring significantly more 

complex sample preparation strategies.  Thus, variability (both systematic and 
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random) is incorporated at each step of the sample preparation (e.g., glycan 

cleavage, solid phase extraction, derivatization) due to the samples being quantified 

having to be processed in parallel.  Pooled plasma aliquots were prepared according 

to Figure 7.4, where the internal standard glycoprotein (HRP) was added to each of 

the 10 aliquots, and 100 μg of α1-acid glycoprotein (AGP) were spiked into two 

 

 
 

Figure 7.3 – A plot of the experimental vs. the calculated H:L ratio for the 5:1, 2:1, 

1.5:1, 1:1, 1:1.5, 1:2, and 1:5 maltodextrin mixtures.  The data have been plotted for 

3 glycans, each in triplicate, of substantially different molecular weights (902.35, 

2522.88, and 4143.41 Da).  A weighted linear least squares regression is plotted for 

the data.  
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aliquots to determine the effectiveness of using INLIGHT to relatively quantify N-

linked glycans in complex biological matrices (vide infra).   

The 8 pooled plasma samples that did not contain spiked AGP were 

derivatized and compared according to Figure 7.4a in order to measure and 

compare the variability of using the previously reported HRP internal standard 

correction vs. using the TGNF post-acquisition correction.  Figure 7.5 shows 

histograms of the log2(H:L) for these 7 samples in triplicate for the internal standard 

(7.5a) and TGNF (7.5b) corrected samples.  It is shown that in these samples where 

 

 
 

Figure 7.4 – The experimental design for demonstrating the effectiveness of the 

INLIGHT strategy in pooled plasma.  Black brackets denote samples that were 

mixed together, and samples labeled with a red ‘L’ and blue ‘H’ are derivatized with 

the light and heavy P2GPN reagents, respectively.  Samples in (a) were used to 

determine the variability of the internal standard and TGNF correction.  The spiked 

plasma aliquots (b) were used to demonstrate the measurement of changing glycan 

abundances using the INLIGHT strategy. 
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the biological variability is assumed to be zero (i.e., pooled plasma), that both the 

internal standard and the TGNF methods are capable of measuring the expected 1:1 

ratio with distributions centered around zero.  However, qualitatively the distribution 

for the TGNF method is narrower than the internal standard corrected distribution, 

and there are ~33% more glycans in the TGNF corrected center-most bin (0  0.05).  

Thus, an f-test was performed, and it was shown that the TGNF method allows for 

significantly less variance after correction than when using the internal standard 

correction. 

The 2 spiked AGP plasma samples (one light and one heavy) were compared 

to a corresponding light or heavy sample of the normal pooled plasma samples 

analyzed in the previous experiment.  These comparisons were made in order to test 

whether or not the INLIGHT strategy is capable of detecting change in arguably the 

most complex of biological samples and matrices, plasma.    Because a glycoprotein 

was spiked in and not a standard free glycan, there is no way to know the added 

glycan concentration or what the expected change should be.    However, it has 

been shown in the literature that AGP is significantly glycosylated with bi- tri- and 

tetra-antennary complex-type N-linked glycans containing N-acetylneuraminic 

acid.35-36  Thus, it would be expected that one would observe significantly different 

glycan abundances for large, acidic glycans, whereas neutral glycans would not be 

determined statistically different. 

The glycan abundance ratios measured in the analyses comparing the AGP-

spiked and normal pooled plasma samples are compared to the measured glycan 
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Figure 7.5 – Histograms of the a) internal standard (HRP) and b) TGNF corrected 

neat pooled plasma 1:1 N-linked glycan samples.  An f-test confirms that there is 

less variation in the data corrected using the TGNF strategy. 
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ratios from the seven normal plasma comparisons in the previous experiment.  

Table 7.1 shows example glycan abundance ratios from the comparison of the AGP-

spiked and normal plasma samples.  The N-linked glycans shown in the top of Table 

7.1 are examples of 4 multi-antennary glycans containing acidic monosaccharide 

moieties, and it is observed that when the AGP-spiked glycan ratios are compared to 

the normal pooled plasma glycan ratios, the log2(H:L) ratios significantly deviate from 

zero ( depending on whether the AGP-spiked sample was labeled light or heavy).  

In contrast, examples of neutral glycan abundance ratios from the same samples are 

shown on the bottom half of Table 7.1, and no significant difference is detected.  All 

the glycan ratios in Table 7.1 were compared to the glycan ratios of the 7 normal 

pooled plasma samples comparisons (in triplicate), and using a t-test, only the 

glycans with acidic monosaccharide residues were found to have significantly 

different abundance ratios.  Furthermore, the light-labeled AGP-spiked sample ratios 

are detected as statistically significant negative values, whereas the heavy-labeled 

AGP-spiked samples ratios are measured as statistically significant positive values.  

This demonstrates the lack of labeling bias and further gives confidence to the fact 

that the molecular weight correction sufficiently minimizes the effects due to isotopic 

overlap.  These N-linked glycans in which change is significantly detected are large 

molecular weight glycans (~3000-4000 Da), and if the change detected was due to 

the isotopic overlap, then the ratios would be the same for both samples instead of 

change in opposite directions, as seen in Table 7.1.  Additionally, it must be noted 

that the amount of change detected in the AGP-spiked samples is less than a 2-fold 
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change, which is often used as a cutoff in determining biological significance.  

Furthermore, as little as a 20% change in the glycan abundance (H6N5F1A2 glycan) 

was determined to be significantly different.  This is a testament to the precision and 

utility of the INLIGHT strategy for the relative quantification of N-linked glycans in 

complex biological samples. 

 

7.4 Conclusions 

 The strategy presented herein, Individuality Normalization when Labeling with 

Isotopic Glycan Hydrazide Tags (INLIGHT), demonstrates the effective quantification 

of N-linked glycans both in simple and in complex biological samples.  This method 

has been developed such that the SIL derivatization can be coupled to nearly any N-

linked glycan (or any oligosaccharide with a free aldehyde at the reducing terminus) 

 
 
Table 7.1 – Abundance ratios for example glycans in both AGP-spiked plasma 
samples. 

 
H – Hexose; N – N-acetylhexosamine; F – Fucose; A – N-acetylneuraminic acid. 

 

H6N5F1A2 H7N6A3 H7N6F1A3 H8N7A3

log2(H:L) |t|/tTable log2(H:L) |t|/tTable log2(H:L) |t|/tTable log2(H:L) |t|/tTable

α1-Spiked Light -0.23 2.5 -0.64 9.0 -0.57 12 -0.63 3.7

α1-Spiked Heavy 0.30 2.5 0.79 1.4 0.71 1.03 0.87 1.7

H3N5 H7N2 H5N4 H5N5F1

log2(H:L) |t|/tTable log2(H:L) |t|/tTable log2(H:L) |t|/tTable log2(H:L) |t|/tTable

α1-Spiked Light -0.05 0.04 -0.26 0.82 -0.09 0.39 -0.02 0.03

α1-Spiked Heavy 0.06 0.93 0.02 0.10 0.04 0.16 0.07 0.36
Up-Regulated

Light Sample

Up-Regulated

Heavy Sample
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sample preparation strategy with minimal time and monetary cost (<4hr of additional 

sample preparation time).  Because of the possible benefits to many glycomics 

experiments, a detailed strategy for the relative quantification of INLIGHT has been 

presented.  

In order to measure significant biological change, up-front sample preparation 

strategies and back-end data analyses must be optimized in order to minimize 

systematic variability introduced into the measurement.  These efforts have been 

described for the INLIGHT strategy, where variation due to isotopic overlap has 

been corrected.  Additionally, the ability to more effectively correct for systematic 

analytical and biological variability using a post-acquisition normalization strategy 

rather than a single internal standard is presented for the first time in a glycan 

sample.  This attention to minimizing the variability and the inherent advantages of 

INLIGHT make this an attractive and easily implemented strategy for those 

interested in measuring biological changes in glycosylation. 
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APPENDIX A 
 
 

Supplemental Information to CHAPTER 3: 
 

Hydrophobic Derivatization of N-linked Glycans for Increased Ion Abundance in 
Electrospray Ionization Mass Spectrometry 

 
 

A.1 Non-Polar Surface Area Calculations 

The NPSA were calculated according to Figure A.1.  Standard molecular 

radii and bond lengths were used in order to estimate the surface area of each 

molecule in the reagent and the overlapping surface area.  Only carbon and 

hydrogen molecules were considered to be hydrophobic, and when a carbon atom is 

 

 
 

 

Figure A.1 – The formula, abbreviations, and molecular radii and bond lengths for 

the NPSA calculations of the hydrophobic hydrazide reagents. 

Atom A
Atom B
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bound to nitrogen, the overlapping surface area of the carbon/nitrogen is subtracted 

out as well.  Additionally, a carbonyl carbon is not considered hydrophobic, so the 

surface area of a ketone is not factored into the NPSA.  The polar surface area is not 

taken into account in the reagents because they are made of only non-polar 

functions, aside from the reactive sited.  This assumption reduces the complexity of 

the calculation and provides a simple calculation for the estimation of the 

hydrophobicity of the reagents. 

 

A.2 Derivatization Reaction 

 

 
 

 

Figure A.2 – The hydrazone formation derivatization reaction.  Portions shaded in 

light blue are the terminal GlcNAc (reducing terminus) chemical structure undergoing 

reaction.   
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A.3 Reagent Synthesis 

 Many of the reagents and intermediates synthesized have been described 

previously in the literature and are referenced.  These compounds, which have not 

been detailed in the literature, we have collected extensive characterization data, 

such as 1H NMR, 13C NMR, IR, and mass spectrometry.  

 

 

 

OH

O

2b, n= 2, 76%
2c, n= 3, 74%
2d, n= 4, 67%

OMe

O

n n

2b-d

1b, n= 2
1c, n= 3
1d, n= 4

1b-d

 

 

The corresponding carboxylic acid (1b-d) (5.0 g), was dissolved in a solution 

of concentrated hydrochloric acid (0.5 mL) in methanol (50 mL). The mixture was 

stirred for 20 h at rt. After 20 h at rt the mixture was extracted with ethyl ether (2x25 

mL), washed with saturated aqueous NaHCO3 (2x25 mL) and water (2x25 mL). The 

combined organic layers were dried over magnesium sulfate, filtered through a celite 

pad and the solvents removed in vacuo. Purification by distillation afforded the 

corresponding ester (2b-d). 
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2b1b

OH

O

OMe

O

 

 

Methyl 3-phenylpropanoate (2b).1   1H NMR (400 MHz, CDCl3)  7.16-7.32 (m, 

5H), 3.66 (s, 3H), 2.95 (t, J = 7.8 Hz, 2H), 2.63 (t, J = 7.8 Hz, 2H); 13C NMR (100 

MHz, CDCl3)  31.1, 35.9, 51.8, 126.4, 128.4, 128.7, 140.7, 173.5. CAS:  103-25-3 

 

1c 2c

OMe

O

OH

O

 
 

Methyl 4-phenylbutanoate (2c).2  1H NMR (400 MHz, CDCl3)  7.16-7.30 (m, 5H), 

3.65 (s, 3H), 2.64 (t, J = 8.0 Hz, 2H), 2.32 (t, J = 8.0 Hz, 2H), 1.95 (m, 2H); 13C NMR 

(100 MHz, CDCl3)  26.6, 33.5, 35.2, 51.6, 126.1, 128.5, 128.6, 141.5, 174.0.  CAS: 

2046-17-5 

 

1d 2d

OMe

O

OH

O

 
 

Methyl 5-phenylpentanoate (2d).3   1H NMR (400 MHz, CDCl3)  7.14-7.30 (m, 

5H), 3.65 (s, 3H), 2.62 (t, J = 6.4 Hz, 2H), 2.16 (t, J = 6.4 Hz, 2H), 1.65 (m, 4H); 13C 

NMR (100 MHz, CDCl3)  24.7, 31.1, 34.1, 35.7, 125.9, 128.4, 128.5, 142.3, 174.2.  

CAS:  20620-59-1 
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2a 3a

N
H

O

NH2OMe

O

 
 

2-Phenylacetohydrazide (3a).4 

Methyl 2-phenylacetate (2d) (1.0 mL, 6.66 mmol, 1.0 equiv) was dissolved in 

absolute ethanol (10 mL). The solution was cooled down to 0 ºC and treated 

dropwise with hydrazine monohydrate (1.6 mL, 33.3 mmol, 5.0 equiv). The mixture 

was heated to reflux while stirring. After 20 h the mixture was allowed to cool down 

to rt and the solvent was removed in vacuo and the solid residue was recrystallized 

from isopropanol to yield 646 mg (65 %) of 3a as white needle-like crystals. M.p. 

118-118.2°C; 1H NMR (400 MHz, CDCl3)  7.22-7.38 (m, 5H), 6.75 (s, 1H), 3.83 (s, 

2H), 3.56 (s, 2H); 13C NMR (100 MHz, CDCl3)  42.1, 127.7, 129.2, 129.6, 134.1, 

171.8.  CAS: 937-39-3 

 

 

 

 

 

 

2b 3b

N
H

O

NH2OMe

O
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3-Phenylpropanehydrazide (3b).5 

 

Methyl 3-phenylpropanoate (2b) (1.0 mL, 6.09 mmol, 1.0 equiv) was dissolved in 

absolute ethanol (10 mL). The solution was cooled down to 0 ºC and treated 

dropwise with hydrazine monohydrate (1.5 mL, 30.5 mmol, 5.0 equiv). The mixture 

was heated to reflux while stirring. After 20 h the mixture was allowed to cool down 

to rt and the solvent was removed in vacuo and the solid residue was recrystallized 

from isopropanol to yield 589 mg (59 %) of 3b as white needle-like crystals. M.p. 

101.0-101.9 °C; 1H NMR (400 MHz, CDCl3)  7.14-7.34 (m, 5H), 6.75 (s, 1H), 3.85 

(s, 2H), 2.97 (t, J = 7.2 Hz, 2H), 2.45 (t, J = 7.2 Hz, 2H); 13C NMR (100 MHz, CDCl3) 

 31.6, 36.5, 126.6, 128.5, 128.8, 140.7, 173.1.  CAS: 3538-68-9 

 

 

 

2c 3c

N
H

O

NH2
OMe

O

 
 

4-Phenylbutanehydrazide (3c). 5 

 

Methyl 4-phenylbutanoate (2c) (1.0 mL, 5.6 mmol, 1.0 equiv) was dissolved in 

absolute ethanol (10 mL). The solution was cooled down to 0 ºC and treated 
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dropwise with hydrazine monohydrate (1.4 mL, 28.0 mmol, 5.0 equiv). The mixture 

was heated to reflux while stirring. After 20 h the mixture was allowed to cool down 

to rt and the solvent was removed in vacuo and the solid residue was recrystallized 

from isopropanol to yield 369 mg (37 %) of 3c as white needle-like crystals. M.p. 

80.0-80.5 °C; 1H NMR (400 MHz, CDCl3)  7.14-7.32 (m, 5H), 6.66 (s, 1H), 3.87 (s, 

2H), 2.65 (t, J = 7.6 Hz, 2H), 2.15 (t, J = 7.6 Hz, 2H), 1.99 (m, 2H); 13C NMR (100 

MHz, CDCl3)  26.9, 33.8, 35.3, 126.3, 128.6, 128.7, 141.39.  CAS: 39181-61-8 

 

 

 

 

 

2d 3d

N
H

O

NH2
OMe

O

 

 

5-Phenylpentanehydrazide (3d).6 

 

Methyl 5-phenylpentanoate (2d) (1.0 mL, 5.20 mmol, 1.0 equiv) was dissolved in 

absolute ethanol (10 mL). The solution was cooled down to 0 ºC and treated 

dropwise with hydrazine monohydrate (9.8 mL, 203.0 mmol, 39.0 equiv). The 

mixture was heated to reflux while stirring. After 20 h was allowed to cool down to rt 

and the solvent was removed in vacuo and the solid residue was recrystallized from 

isopropanol to yield 387 mg (39 %) of 3d as white needle-like crystals. M.p. 63.5-
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64.0 °C; 1H NMR (400 MHz, CDCl3)  7.12-7.32 (m, 5H), 6.72 (s, 1H), 3.88 (s, 2H), 

2.63 (t, J = 7.0 Hz, 2H), 2.16 (t, J = 7.0 Hz, 2H), 1.65 (m, 4H); 13C NMR (100 MHz, 

CDCl3)  25.3, 31.2, 34.6, 35.8, 126.0, 128.5, 128.6, 142.2.  CAS: 857482-61-2 

 

 

 

 

6

OEt

O
OEt

O
Br

4 5  
 

Ethyl 2-(4-(phenethylethynyl)phenyl)acetate (6). 

Ethyl 2-(4-bromophenyl)acetate (5) (360 µL, 2.06 mmol, 1.0 equiv) was added 

dropwise at rt to a mixture of bis(triphenylphosphine) palladium II chloride (5.8 mg, 

0.0082 mmol, 0.004 equiv), copper (I) iodide (6.3 mg, 0.033 mmol, 0.016 equiv), and 

triphenylphosphine (6.5 mg, 0.025 mmol, 0.012 equiv) in freshly distilled 

triethylamine (4.0 mL) under a nitrogen atmosphere. The mixture was treated 

dropwise at rt with ethynyl benzene (4) (0.25 mL, 2.27 mmol, 1.1 equiv) and heated 

to 80 ºC. After 24 h at 80 ºC, the mixture was allowed to cool down to rt and then 

filtered through a pad of celite/silica gel 1:1. The solvent were removed in vacuo, the 

residue was dissolved in ethyl acetate (15 mL) and washed with brine (3x15 mL). 

The organic layer was concentrated under reduced pressure to afford the crude oil. 

Purification by Radial PLC (1% TEA/1% EtOAc/hexanes) afforded 433 mg (80 %) of 
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6 as a clear oil. 1H NMR (400 MHz, CDCl3)  7.24-7.62 (m, 9H), 4.16 (q, J = 9.2 Hz, 

2H), 3.61 (s, 2H), 1.25 (t, J = 9.2 Hz, 3H); 13C NMR (100 MHz, CDCl3)  14.4, 41.5, 

61.2, 89.3, 89.7, 122.2, 123.4, 128.4, 128.5, 129.5, 131.8, 131.9, 134.5, 171.4; IR 

(neat) 2981, 1733, 1512, 1252, 1155, 1030, 756, 690 cm-1; HRMS calcd for 

C18H16O2 (M+H)+ 265.1223, found 265.1219. 

 

 

 

6 7

EtO

O

OEt

O

 
 

Ethyl 2-(4-phenethylphenyl)acetate (7). 

Ethyl 2-(4-(phenethylethynyl)phenyl)acetate (6) (433 mg, 1.64 mmol, 1.0 equiv) was 

dissolved in absolute ethanol (5.0 mL) and Pd/C 5% (43 mg, 10% w/w) was added. 

The mixture was stirred under a hydrogen atmosphere. After 20 h the mixture was 

filtered through a pad of celite, and the solvents were removed in vacuo. The residue 

was purified by Radial PLC (10% EtOAc/hexanes) to afford 237 mg (54%) of 7 as a 

clear oil. 1H NMR (400 MHz, CDCl3)  7.06-7.26 (m, 9H), 4.09 (q, J = 7.2 Hz, 2H), 

3.52 (s, 2H), 2.85 (s, 4H), 1.19 (t, J = 7.2 Hz, 3H).  CAS: 109135-23-1 
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7 8

H
NOEt

O O

NH2

 
 

4-phenethylbenzohydrazide (8). 

Ethyl 4-phenethylbenzoate (7) (0.2465 g, 0.969 mmol, 1.0 equiv) was dissolved in 

absolute ethanol (4.0 mL). The solution was cooled down to 0 ºC and treated 

dropwise with hydrazine monohydrate (0.23 mL, 4.85 mmol, 5 equiv). The mixture 

was heated to reflux while stirring. After 20 h in reflux the mixture was allowed to 

cool down to rt and the solvent was removed in vacuo. The solid residue was 

recrystallized from isopropanol, filtered and dried under vacuum for 20 h to yield 

47.9 mg (21 %) of 8 as white round crystals. M.p. 158-160 °C; 1H NMR (400 MHz, 

CDCl3)  7.14-7.32 (m, 9H), 6.61 (s, 1H), 3.85 (s, 2H), 3.55 (s, 2H), 2.91 (s, 4H); 13C 

NMR (100 MHz, CDCl3)  37.7, 38.0, 41.8, 126.2, 128.5, 128.6, 129.4, 129.6; IR 

(neat) 3648, 3029, 2983, 1733, 1510, 1265, 1157, 738 cm-1; HRMS calcd for 

C16H19N2O (M+H)+ 255.1492, found 255.1419. 
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APPENDIX B 
 
 

Supplemental Information to CHAPTER 4: 
 

Stable-Isotope Labeled Hydrophobic Hydrazide Reagents for the Relative 
Quantification of N-linked Glycans by Electrospray Ionization  

Mass Spectrometry 
 
 

B.1 N-linked Glycans Detected from Pooled Human Plasma 

 

 

 

Glycan Composition

Retention 

Time Average  

(Light) (min)

Retention Time  

Average

(Heavy) (min)

Average

Retention 

Time 

Difference

(s)

Hex5HexNAc2 29.26 29.29 3.4

Hex3HexNAc4 28.51 28.47 -1.4

Hex6HexNAc2 32.48 32.48 -1.0

Hex3HexNAc4Fuc1 29.33 29.33 2.6

Hex3HexNAc5 29.14 29.16 0.0

Hex7HexNAc2 35.86 35.87 -1.8

Hex4HexNAc4Fuc1 32.37 32.37 0.0

Hex5HexNAc4 34.59 34.53 0.0

Hex3HexNAc5Fuc1 30.38 30.36 2.0

Hex4HexNAc3NeuAc1Fuc1 35.15 35.11 -1.0

Hex8HexNAc2 38.23 38.19 1.0

Hex5HexNAc3NeuAc1 35.93 35.91 0.0

Hex5HexNAc3NeuAc1 35.93 35.91 2.8

Hex4HexNAc5Fuc1 32.96 32.93 0.8

Hex5HexNAc5 34.87 34.86 -0.6

Hex9HexNAc2 39.85 39.88 0.8

Hex5HexNAc4NeuAc1 37.25 37.25 0.0

Hex5HexNAc4NeuAc1Fuc1 38.35 38.34 1.0

Hex4HexNAc5NeuAc1Fuc1 36.56 36.54 3.0

Hex5HexNAc5NeuAc1 37.91 37.92 0.8

Hex5HexNAc4NeuAc2 39.41 39.41 2.0

Hex5HexNAc5NeuAc1Fuc1 38.69 38.68 1.0

Hex6HexNAc5NeuAc1 40.23 40.26 0.8

Hex5HexNAc4NeuAc2Fuc1 40.50 40.51 -0.8

Hex5HexNAc5NeuAc2Fuc1 40.84 40.79 -1.6

Hex6HexNAc5NeuAc3 42.63 42.65 -1.4

Table B.1 – Retention times for light and heavy glycan pairs in human plasma.
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The retention times for the ‘light’ and ‘heavy’ glycans detected in human 

plasma are presented in Table B.1.  The data presented are average (n=3) retention 

times for technical replicates.  The average retention time difference was calculated 

by first calculating the retention time difference for each of the replicates.  Then, the 

retention time differences for each of the replicates were averaged.  The glycan 

corrected and uncorrected abundance ratios are listed in Table B.2.  The data were 

corrected by using the ratio of the spiked-in internal standard.   

 

 

 

Glycan Composition

Uncorrected 

Ratio (H:L) 

Average (n = 3)

Corrected 

Ratio (H:L) 

Average (n=3)

Hex7 (Internal Standard) 1.30 1.00

Hex5HexNAc2 1.38 1.05

Hex3HexNAc4 1.29 0.98

Hex6HexNAc2 1.48 1.13

Hex3HexNAc4Fuc1 1.31 1.00

Hex3HexNAc5 1.27 0.98

Hex7HexNAc2 1.39 1.05

Hex4HexNAc4Fuc1 1.40 1.08

Hex5HexNAc4 1.33 1.03

Hex3HexNAc5Fuc1 1.31 1.01

Hex4HexNAc3NeuAc1Fuc1 1.31 1.03

Hex8HexNAc2 1.40 1.04

Hex5HexNAc3NeuAc1 1.40 1.08

Hex5HexNAc3NeuAc1 1.34 1.02

Hex4HexNAc5Fuc1 1.34 1.05

Hex5HexNAc5 1.34 1.02

Hex9HexNAc2 1.53 1.14

Hex5HexNAc4NeuAc1 1.52 1.13

Hex5HexNAc4NeuAc1Fuc1 1.38 1.07

Hex4HexNAc5NeuAc1Fuc1 1.41 1.12

Hex5HexNAc5NeuAc1 1.22 0.97

Hex5HexNAc4NeuAc2 1.33 1.06

Hex5HexNAc5NeuAc1Fuc1 1.26 1.02

Hex6HexNAc5NeuAc1 1.33 1.03

Hex5HexNAc4NeuAc2Fuc1 1.39 1.05

Hex5HexNAc5NeuAc2Fuc1 1.55 1.10

Hex6HexNAc5NeuAc3 1.66 1.19

Table B.2 – Glycan relative abundance raw and corrected ratios
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Figure B.1 – Total ion chromatogram for N-linked glycans cleaved from pooled 

human plasma in part A.  Parts B and C are the ‘light’ and ‘heavy’ EIC’s of the 

Hex5HexNAc4NeuAc glycan, respectively.  Parts D and E are the ‘light’ and ‘heavy’ 

EIC’s of the Hex5HexNAc5NeuAc2Fuc glycan, respectively. 
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B.2 Reaction Schemes 

 

O

O Pd(PPh3)4 , CuI, Et3N,

PPh3, 80 0C, N2 atm, 80%

O

O

H2, 10% Pd on C,
EtOH, rt, 97%

O

O

NH2-NH2.H2O,O

N

H

NH2

Br

EtOH, reflux, 96%

(1)

(2)(3)

 

 

B.2.1 Experimental Section 

General. The chemicals; bromobenzene, hydrazine monohydrate, 

tetrakis(triphenyl phosphine) palladium(0), triphenyl phosphine, copper(I)iodide, 

triethyl amine, palladium on charcoal were purchased from Sigma-Aldrich. Ethyl-4-

ethynylphenylacetate was purchased from Spectra Group. Ltd. Inc. Isotopically 

labeled bromobenzene (13C6, 99%) was purchased from Cambridge Isotope 

Laboratories. Triethyl amine was dried with anhydrous sodium sulphate prior to use 

and all other chemicals were used as received. The Sonogashira coupling reaction 

was performed either inside a dry box filled with nitrogen gas or under nitrogen 

atmosphere. 1H and 13C NMR data were recorded on Mercury 300 or 400 MHz 

spectrometers (300 or 400 MHz for 1H, 75 or 100 MHz for 13C NMR) at room 

temperature. The chemical shift values were reported relative to TMS ( = 0.00 ppm) 

as an internal standard. IR spectra were obtained from JASCO FT/IR-410. Wave 
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numbers in cm-1 are reported for characteristic peaks. Mass spectra were obtained 

at the NCSU Department of Chemistry Mass Spectrometry Facility using electro 

spray ionization (ESI) on an Agilent Technologies 6210 LC-TOF mass spectrometer. 

 

B.2.2 Synthesis of Unlabeled Compounds 

 

Synthesis of ethyl-2-(4-(2-phenylethynyl) phenyl) acetate, (1) 

 

O

O

 
 

Bromobenzene (0.464g, 2.848 mmol) was added to ethyl-2-(4-ethynylphenyl)acetate 

(0.50g, 2.66mmol) taken in a clean and dry vial with a magnetic stir bar. Pd(PPh3)4 

(0.150g, 0.129 mmol), PPh3 (0.120g, 0.457 mmol) and  triethyl amine (5.0mL) were 

added in sequence to the reaction mixture while stirring under nitrogen atmosphere. 

The reaction mixture was then heated in an oil bath at 80 °C for six hours. The 

completion of the reaction was determined from FTIR analysis of the reaction 

mixture by complete disappearance of the sharp absorption band at 3290 cm-1 of 

terminal alkyne C−H. The crude product was extracted from the heterogeneous 

mixture by hexane and further purified by column chromatography on silica gel using 

hexane: ethyl acetate mixture (9:1 v/v) to give 1 (0.580g, 80% yield) as clear oil. 1H 

NMR (300 MHz, CDCl3, δ ppm) 7.53-7.18(m, 9H), 4.14(q, J = 7.2 Hz, 2H), 3.60(s, 

2H), 1.24(t, J = 7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3, δ ppm) 171.8, 134.9, 132.3, 
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132.2, 129.9, 128.9, 128.8, 123.8, 122.6, 90.08, 89.7, 61.6, 41.9, and 14.8; IR (KBr 

film, cm-1) 3062, 3033, 2981, 2931, 1735(carbonyl ester). 

Synthesis of ethyl-2-(4-phenethylphenyl) acetate, (2) 

 

O

O

 
To the stirring solution of (1),ethyl-2-(4-(2-phenylethynyl) phenyl) acetate, (0.56g, 

2.072 mmol) in 5.0 mL absolute ethanol was added 10% Pd on charcoal (0.05g, 

~9% w/w). The mixture was stirred under hydrogen atmosphere for four hours. The 

completion of the reaction was determined by TLC on silica gel plate using mixture 

of hexane and ethyl acetate (9:1 v/v). The mixture was filtered through a short 

column of silica gel. The solvent (ethanol) was removed by rotavap and the product 

was dried under reduced pressure to give 2 (0.551g, 97% yield) as a clear oil. 1H 

NMR (300 MHz, CDCl3, δ ppm) 7.30-7.12 (m, 9H), 4.14(q, J = 7.2 Hz, 2H), 3.57(s, 

2H), 2.89(s, 4H), 1.24(t, J = 7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3, δ ppm) 172.4, 

142.3, 141.1, 132.2, 129.8, 129.2, 129.0, 128.9, 126.5, 61.4, 41.6, 38.4, 38.1, 14.8; 

IR (KBr film, cm-1) 3085, 3058,  3025, 2981, 2931, 2857, 1735(carbonyl ester). 

 

Synthesis of ethyl-2-(4-phenethylphenyl)acetohydrazide, (3) 

O

N

H

NH2
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To the stirring solution of ethyl-2-(4-phenethylphenyl) acetate (2) (0.535g, 1.95 

mmol) in 0.7mL absolute ethanol was added hydrazine hydrate (0.488g, 9.75 mmol) 

at room temperature under nitrogen atmosphere. The mixture was then refluxed for 

two hours. The completion of the reaction was determined by TLC on silica gel using 

mixture of hexane and ethyl acetate (9:1 v/v). Solvent was removed by rotavap and 

the product was purified by recrystalization from isopropanol. The white crystalline 

solid was dried under reduced pressure to give 3 (0.487g, 96% yield). 1H NMR (400 

MHz, DMSO-d6, δ ppm) 9.22(s, 1H), 7.29-7.12(m, 9H), 4.20 (s, 2H), 3.29 (s, 2H), 

2.83 (s, 4H); 13C NMR (100 MHz, DMSO-d6, δ ppm) 170.3, 142.2, 140.2, 134.3, 

129.4, 129.0, 128.9, 128.8, 126.4, 40.7, 37.7, 37.3; IR (KBr film, cm-1) 3351, 3208, 

3080, 3050,  3023, 2981, 2969, 2933, 2911, 2850, 1648, 1619. 

 

B.2.3 Synthesis and characterization of Stable Isotope Labeled (SIL) compounds 

**The similar procedure as above was followed except that the SIL bromobenzene 

(13C6, 99%) was used as a starting material. 

 

Characterization of SIL (1); ethyl-2-(4-(2-phenylethynyl) phenyl) acetate 

 

O

O

*
*

* *

*

*  
 
1H NMR (400MHz, CDCl3, δ ppm) 7.73-7.71(m, br, 1H), 7.53-7.48(m, overlap, 3H), 

7.33-7.26 (m, overlap, 3H), 7.15-7.12(m, br, 2H), 4.15(q, J = 7.2 Hz, 2H), 3.62(s, 
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2H), 1.25(t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3, δ ppm) 171.8, 134.9, 132.8-

130.7(m overlap), 129.5-127.5(m, overlap), 124.0-122.7(m, overlap), 61.2, 41.5, and 

14.4; IR (KBr film, cm-1) 3052, 2981, 1733(carbonyl ester). HRMS: Calculated for 

[M+H]: 271.1424; found: 271.1425. 

 

Characterization of SIL(2); ethyl-2-(4-phenethylphenyl) acetate 

 

*
*

* *

*

*

O

O

 
 
1H NMR (400 MHz, CDCl3, δ ppm) 6.98-7.47 (m, 9H), 4.14 (q, J = 7.2 Hz, 2H), 3.58 

(s, 2H), 2.90 (s, 4H), 1.25(t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3, δ ppm) 

171.8, 142.5-141.3(m, overlap), 132.2, 129.4, 129.3-128.3(m, overlap), 128.0-

125.2(m, overlap), 61.0, 41.2, 38.0, 37.7, 14.4; IR (KBr film, cm-1) 3046, 2981, 2929, 

2857, 1735(carbonyl ester); HRMS: Calculated for [M+H]: 275.1737; found: 

275.1740 

 

Characterization of SIL(3); ethyl-2-(4-phenethylphenyl)acetohydrazide 

*
*

* *

*

*

O

N

H

NH2

 
1H NMR (400 MHz, DMSO-d6, δ ppm) 9.18(s, 1H), 7.46-6.98 (m, 9H), 4.20 (s, 2H), 

3.29 (s, 2H), 2.83 (s, 4H); 13C NMR (100 MHz, DMSO-d6, δ ppm) 169.6, 142.3-

140.5(m, overlap), 139.8, 133.6, 129.0-124.8(m, overlap), 37.2, 36.8, 36.6; IR (KBr 
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film, cm-1) 3349, 3208, 3048,  3031, 2933, 2911, 2850, 1647, 1618.; HRMS: 

Calculated for [M+H]: 261.1693; found: 261.1693. 
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APPENDIX C 
 
 

Supplemental Information to CHAPTER 5: 
 

Systematic Comparison of Reverse Phase and Hydrophilic Interaction Liquid 

Chromatography Platforms for the Analysis of N-linked Glycans 

 
 

C.1 Supporting Data and Figures 

Herein, the supplemental material presents further data to support the results 

and discussion of the manuscript.  In Figure C.1, the EIC’s for the same 3 glycans 

(Hex5, Hex9, and Hex13) show extremely different retention widths in HILIC, with the 

largest being over 10 min.  The RP EIC’s all have retention widths less than 1 min.  

This is a significant advantage for RP chromatography when moving to more 

complex samples and analyzing samples with dynamic ranges that are several 

orders of magnitude, such as plasma. 
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Figure C.1 – Extracted ion chromatograms for 3 example hexose glycan in HILIC (a) 

and RP chromatography (b). 
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Table C.1 – RP chromatography peak widths. 

Carbohydrate Peak Width (FWHM) 

Hex3 1.1 
Hex4 0.58 
Hex5 0.5 
Hex6 0.51 
Hex7 0.45 
Hex8 0.49 
Hex9 0.56 
Hex10 0.36 
Hex11 0.38 
Hex12 0.34 
Hex13 0.43 
Hex14 0.42 
Hex15 0.39 
Hex16 0.4 
Hex17 0.42 
Mean 0.488667 

Standard Deviation 0.183259 
 

 

 

 

Table C.3 – HILIC peak widths.          

Carbohydrate Peak Width (FWHM) 

Hex3 1.7 
Hex4 6.4 
Hex5 10.37 
Hex6 5.08 
Hex7 2.53 
Hex8 1.61 
Hex9 1.05 
Hex10 0.83 
Hex11 0.65 
Hex12 0.51 
Hex13 0.82 
Hex14 0.39 
Hex15 0.58 
Hex16 0.34 
Hex17 0.6 
Mean 2.230667 

Standard Deviation 2.874254 
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In order to model the partitioning behavior of the derivatized glycans in Figure 

5.4, the ratio of the hydrophobicity:hydrophilicity was theoretically calculated.  Here, 

the hydrophobicity has been estimated by the nonpolar surface area7-11 of the tag 

(NPSAtag) and glycan (NPSAglycan).  However, due to the hydrophilicity of the 

glycans, the NPSAglycan is assumed to be negligible, leaving only the NPSAtag.  The 

hydrophilicity term was estimated by the molecular weight (MW) of the glycan.   

 

 

MW

NPSA

MW

NPSA

cityHydrophili

NPSANPSA

cityHydrophili

cityHydrophobi Tagglycantag





 (Equation C.1) 
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Table C.3 – List of the N-linked glycans cleaved and detected from pooled human 

plasma using HILIC and RP chromatography. 

Glycan Composition 
Molecular 

Weight 

HILIC 
Charge 
State 

RP 
Charge 
State 

Glycan Composition 
Molecul

ar 
Weight 

HILIC 
Charge 
State 

RP 
Charge 
State 

Hex5HexNAc2 1236.11 1+, 2+ 1+, 2+ Hex4HexNAc5Fuc1NeuAc1 2120.94 2+ 2+ 
Hex4HexNAc3 1277.16 2+ 2+ Hex5HexNAc5NeuAc1 2136.94 2+ 2+, 3+ 
Hex3HexNAc4 1318.21 1+, 2+ 2+ Hex5HexNAc4NeuAc2 2225.00 2+ 2+, 3+ 
Hex6HexNAc2 1398.25 2+ 2+ Hex5HexNAc5Fuc1NeuAc1 2283.08 2+ 2+, 3+ 
Hex5HexNAc3 1439.30 2+ 2+ Hex6HexNAc5NeuAc1 2299.08 2+ 2+, 3+ 
Hex3HexNAc4Fuc1 1464.36 2+ 2+ Hex5HexNAc4Fuc1NeuAc2 2371.15 2+ 2+, 3+ 
Hex4HexNAc4 1480.36 2+ 2+ Hex5HexNAc5NeuAc2 2428.20 2+ 2+, 3+ 
Hex3HexNAc5 1521.41 2+ 2+ Hex6HexNAc5Fuc1NeuAc1 2445.22 N/A 2+, 3+ 
Hex7HexNAc2 1560.39 2+ 2+ Hex5HexNAc5Fuc1NeuAc2 2574.34 2+, 3+ 2+, 3+ 
Hex4HexNAc3NeuAc1 1568.42 2+ 2+ Hex6HexNAc5NeuAc2 2590.34 2+, 3+ 2+, 3+ 
Hex6HexNAc3 1601.44 2+ 2+ Hex7HexNAc6NeuAc1 2664.42 N/A 2+, 3+ 
Hex4HexNAc4Fuc1 1626.50 2+ 2+ Hex6HexNAc5Fuc1NeuAc2 2736.48 2+, 3+ 2+, 3+ 
Hex5HexNAc4 1642.50 2+ 2+ Hex7HexNAc6Fuc1NeuAc1 2810.56 N/A 2+, 3+ 
Hex3HexNAc5Fuc1 1667.55 2+ 2+ Hex6HexNAc5NeuAc3 2881.59 2+, 3+ 2+, 3+ 
Hex4HexNAc5 1683.55 2+ 2+ Hex7HexNAc6NeuAc2 2955.67 3+ 3+ 
Hex4HexNAc3Fuc1NeuAc1 1714.56 2+ 2+ Hex6HexNAc5Fuc1NeuAc3 3027.73 2+, 3+ 2+, 3+ 
Hex8HexNAc2 1722.53 2+ 2+ Hex7HexNAc6Fuc1NeuAc2 3101.81 N/A 3+ 
Hex5HexNAc3NeuAc1 1730.56 2+ 2+ Hex6HexNAc5Fuc2NeuAc3 3173.87 N/A 3+ 
Hex4HexNAc4NeuAc1 1771.61 2+ 2+ Hex7HexNAc6NeuAc3 3246.93 N/A 3+ 
Hex5HexNAc4Fuc1 1788.64 2+ 2+, 3+ Hex8HexNAc7NeuAc2 3321.00 N/A 3+ 
Hex4HexNAc5Fuc1 1829.69 2+ 2+, 3+ Hex7HexNAc6Fuc1NeuAc3 3393.07 N/A 3+ 
Hex5HexNAc5 1845.69 2+ 2+ Hex8HexNAc7Fuc1NeuAc2 3467.15 N/A 3+ 
Hex9HexNAc2 1884.67 2+ 2+ Hex7HexNAc6NeuAc4 3538.18 N/A 3+ 
Hex6HexNAc3NeuAc1 1892.70 2+ 2+ Hex8HexNAc7NeuAc3 3612.26 N/A 3+ 
Hex4HexNAc4Fuc1NeuAc1 1917.75 N/A 2+, 3+ Hex7HexNAc6Fuc1NeuAc4 3684.32 N/A 3+ 
Hex5HexNAc4NeuAc1 1933.75 2+ 2+, 3+ Hex8HexNAc7Fuc1NeuAc3 3758.40 N/A 3+ 
Hex4HexNAc5NeuAc1 1974.80 2+ 2+, 3+ Hex7HexNAc6Fuc2NeuAc4 3830.46 N/A 3+ 
Hex5HexNAc5Fuc1 1991.83 2+ 2+, 3+ Hex8HexNAc7NeuAc4 3903.51 N/A 3+ 
Hex10HexNAc2 2045.81 2+ 2+ Hex9HexNAc8NeuAc3 3977.59 N/A 3+ 
Hex5HexNAc4Fuc1NeuAc1 2079.89 2+ 2+, 3+ Hex8HexNAc7Fuc1NeuAc4 4049.65 N/A 3+ 
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Appendix D 

 
Supplemental Information to Chapter 7 

 
Individuality Normalization when Labeling with Isotopic Glycan Hydrazide Tags 

(INLIGHT):  A Novel Glycan Relative Quantification Strategy 

 

 

 

D.1 Glycan Database 

Herein, the supplemental material presents further data to detail the 

processing method used to reproducibly apply the INLIGHT strategy to multiple 

samples.  Table 1 displays the N-linked glycan compositions (generated previously 

from pooled plasma samples) used in the Xcalibur processing method.  Additionally, 

the m/z values for all charge states in both the light and heavy samples that have 

been detected are listed.   
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Table D.1 – Glycan database and previously detected charge states. 

Glycan 
Composition 

2+ charge 
state Nat 

2+ charge 
state SIL 

3+ Charge 
State Nat 

3+ Charge 
state SIL 

H5N2 736.2898126 739.2998826 N/A N/A 

H4N3 756.8028126 759.8128826 N/A N/A 

H3N4 777.3163126 780.3263826 N/A N/A 

H6N2 817.3163126 820.3263826 N/A N/A 

H5N3 837.8293126 840.8393826 N/A N/A 

H3N4F1 850.3453126 853.3553826 N/A N/A 

H4N4 858.3428126 861.3528826 N/A N/A 

H3N5 878.8558126 881.8658826 N/A N/A 

H7N2 898.3428126 901.3528826 N/A N/A 

H4N3A1 902.3508126 905.3608826 N/A N/A 

H6N3 918.8558126 921.8658826 N/A N/A 

H4N4F1 931.3718126 934.3818826 N/A N/A 

H5N4 939.3693126 942.3793826 N/A N/A 

H3N5F1 951.8848126 954.8948826 N/A N/A 

H4N5 959.8823126 962.8923826 N/A N/A 

H4N3F1A1 975.3798126 978.3898826 N/A N/A 

H8N2 979.3688126 982.3788826 N/A N/A 

H5N3A1 983.3773126 986.3873826 N/A N/A 

H4N4A1 1003.890313 1006.900383 N/A N/A 

H5N4F1 1012.398313 1015.408383 N/A N/A 

H4N5F1 1032.911313 1035.921383 N/A N/A 

H5N5 1040.908813 1043.918883 N/A N/A 

H9N2 1060.395313 1063.405383 N/A N/A 

H6N3A1 1064.403813 1067.413883 N/A N/A 

H4N4F1A1 1076.919313 1079.929383 718.2819672 720.2886672 

H5N4A1 1084.916813 1087.926883 723.6136339 725.6203339 

H5N4F2 1085.427313 1088.437383 N/A N/A 

H4N5A1 1105.430313 1108.440383 737.2893005 739.2960005 

H5N5F1 1113.937813 1116.947883 742.9609672 744.9676672 

H5N4F1A1 1157.945813 1160.955883 772.2996339 774.3063339 

H4N5F1A1 1178.59313 1181.6032 785.9753005 787.9820005 

H5N5A1 1186.456313 1189.466383 791.3066339 793.3133339 

H10N2 1141.416 1144.42607 N/A N/A 

H5N4A2 1230.464813 1233.474883 820.6456339 822.6523339 

H5N5F1A1 1259.485813 1262.495883 839.9929672 841.9996672 

H6N5A1 1267.482813 1270.492883 845.3243005 847.3310005 

H5N4F1A2 1303.493313 1306.503383 869.3313005 871.3380005 

H5N5A2 N/A N/A 888.3386339 890.3453339 
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Table D.1 – continued 
   H6N5F1A1 N/A N/A 894.0103005 896.0170005 

H5N5F1A2 1405.033313 1408.043383 937.0246339 939.0313339 

H6N5A2 1413.030813 1416.040883 942.3563005 944.3630005 

H7N6A1 N/A N/A 967.0353005 969.0420005 

H6N5F1A2 N/A N/A 991.0423005 993.0490005 

H7N6F1A1 N/A N/A 1015.721301 1017.728001 

H6N5A3 1558.578313 1561.588383 1039.387967 1041.394667 

H7N6A2 N/A N/A 1064.066967 1066.073667 

H6N5F1A3 1631.607313 1634.617383 1088.073967 1090.080667 

H7N6F1A2 N/A N/A 1112.752967 1114.759667 

H6N5F2A3 N/A N/A 1136.759967 1138.766667 

H7N6A3 N/A N/A 1161.098634 1163.105334 

H8N7A2 N/A N/A 1185.777634 1187.784334 

H7N6F1A3 N/A N/A 1209.784634 1211.791334 

H8N7F1A2 N/A N/A 1234.463634 1236.470334 

H7N6A4 N/A N/A 1258.130634 1260.137334 

H8N7A3 N/A N/A 1282.809634 1284.816334 

H7N6F1A4 N/A N/A 1306.816634 1308.823334 

H8N7F1A3 N/A N/A 1331.495634 1333.502334 

H7N6F2A4 N/A N/A 1355.502634 1357.509334 

H8N7A4 N/A N/A 1379.841301 1381.848001 

H9N8A3 N/A N/A 1404.520301 1406.527001 

H8N7F1A4 N/A N/A 1428.527301 1430.534001 

H8N7F2A4 N/A N/A 1477.213301 1479.220001 

H9N8A4 N/A N/A 1501.551967 1503.558667 

H9N8F1A4 N/A N/A 1550.237967 1552.244667 

H10N9F1A3 N/A N/A 1574.916967 1576.923667 

H9N8A5 N/A N/A 1598.583967 1600.590667 

H10N9A4 N/A N/A 1623.262967 1625.269667 

H9N8F1A5 N/A N/A 1647.269967 1649.276667 

H10N9F1A4 N/A N/A 1671.948967 1673.955667 

H9N8F2A5 N/A N/A 1695.955967 1697.962667 

H10N9A5 N/A N/A 1720.294634 1722.301334 

H – Hexose; N – N-acetylhexosamine; F – Fucose; A – N-acetylneuraminic acid.  
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D.2 Processing Method Details 

 This processing method was developed to make analyzing data for N-linked 

glycans more reproducible.  This method uses Xcalibur software v.2.2 and MATLAB. 

 

D.2.1 Before you begin 

1) Generate a database or list of N-linked glycans with accurate calculated 

masses to 5 decimal places.  If these glycans are derivatized, include this 

in the glycan mass.  Calculate what the 2+ and 3+ m/z values will be. 

 

2) If this is a stable-isotope relative quantification experiment, have both the 

m/z of the heavy-derivatized and light-derivatized glycan. 

 

D.2.2 Getting Started 

1.  Open Xcalibur and click on Processing Setup (Figure 1) 
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Figure D.1 – Xcalibur home page. 

2.  The following window will appear (Figure D.2). 
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Figure D.2 – Processing method setup window. 

3.  Begin by adding glycans to the list on the right hand side by following the next 

steps. 

A. Under ‘Name’ click on ‘New’ and type the name of your glycan.  The following 

code was used: 

a. H = Hexose (Hex) 

b. N = N-acetylhexoseamine (HexNAc) 

c. F = Fucose (Fuc) 

d. A = N-acetylneuraminic acid (NeuAc)  
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B. The glycan tagged light should be named as follows: 

 Name_Nat 

C. The glycan tagged heavy should be named as follows: 

 Name_SIL 

D. For Example: H6N5_Nat and H6N5_SIL 

 

4.  Enter the following in the identification tab for each glycan: 

 Detector type = MS 

 Peak Detection = ICIS 

Filter= FTMS + p NSI Full ms [700-1900] - (this must be identical to your scan 

header) 

 Trace = Base Peak 

 Mass (m/z) = respective mass for the glycan 

 Retention time: 

  Expected = where the peak is in the spectrum 

  Window = 999.00 

  View Width = 40.00 

 *If you need to check where the glycan elutes, you can do so in the spectrum 

to the right by pinning it and then scanning the data. 
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5.  Detection:  

 Click on the detection tab at the top. 

 ICIS Peak Integration: 

  -Smoothing points = 15 

  -Baseline Window = 100 

  -Area noise factor = 5 

  -Peak noise factor = 10 

 

 
Figure D.3 – Detection tab and integration parameters. 

6.  Calibration: 

 -Click on the calibration tab next. 

 -For the Name_SIL glycans: 
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  -ISTD (Internal Standard) should be checked 

 
Figure D.4 – Calibration tab parameters. 

 -For the Name_Nat glycans: 

  -Target compound should be checked 

  -Under ISTD drop down box, select the matching Name_SIL glycan 
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Figure D.5 – Calibration tab target compounds. 

7.  Levels: 

 -Click on the levels tab: 

  -Cal level 1 = 3 

  -Cal level 2 = 5 
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Figure D.6 – Levels tab parameters. 

 

8.  Save the processing method 

 -Because each processing method includes retention times for each glycan, it 

is advised to generate a processing method for each instrument method and LC 

gradient. 

  

*A processing method must be saved for each raw file.  For example if you ran in 

triplicate and  your samples were named 1-2_01, 1-2_02 and 1-2_03, you would 

need to open each of these raw files in the processing method using ‘File’, ‘Open 

Raw File’, and then saving the processing method as something different for each 
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file.  The following file name examples were used here: ‘Processing method 1-2_01, 

Processing method 1-2_02, and Processing method 1-2_03’.  This is important for 

the next step. 

 

 

6.2.3 How to Process 

A processing method has now been generated for each file that is to be processed. 

 

1.  Return to the Xcalibur roadmap and click on sequence setup. 

 
Figure D.7 – Xcalibur sequence and processing. 
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The following window will appear: 

 

 
Figure D.8 – Xcalibur sequence setup. 

 

2.  Enter the following information: 

 -Sample Type = Unknown 

 -Sample Name = exact name of your file (i.e. 8-24_03) 

 -File Name = name of the file being processed (i.e. 8-24_03) 

  *The sample name and file name should match. 

 -Position = 1 

 -Inj. Volume = 10.00 

 -Instrument method = ‘blank’ 

 -Path = the location of the file (i.e C:/Users…etc) 

-Processing Method = the exact name of the processing method you just 

created with the raw file (i.e. Processing method 8-24_03) 
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Figure D.9 – Xcalibur sequence example. 

 

3.  Once everything has been entered into the sequence, go to file and save as.  

Save as a file name directly related to the sample being processed.  (e.g. Plasma 8-

24_03) 

 -Click on ‘actions’ and select ‘batch reprocess’ 

 

4.  Return to the Xcalibur roadmap and select Quan Browser 

 
Figure D.10 – View processed data in Xcalibur Quan Browser. 

 -A box will open for you to select the file you just saved (i.e. Plasma 8-24_03) 
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 -Click Open 

 
Figure D.11 – Area selection for each glycan extracted ion chromatogram. 
 

-Use the boxes to capture the correct peak in the extracted ion chromatogram.  

Adjust accordingly for each of the glycans in the list to the right. 

 *If the peak is not perfect and you’re not sure exactly which peak, or part of 

the peak  includes your glycan, click on the green box in the toolbar to display 

your spectrum in  the box to the right of your peak areas.  You can then pin it and 

scroll to find the glycan.   You can also select particular points within the peak on the 

left to determine if the glycan is present in that spot. 
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Figure D.12 – View spectra of the extracted ion chromatogram. 
 

-Once you have finished, click file and save as.  Save this file. 

-Next click ‘file’ then ‘export data to excel’ then click ‘export short excel report’ 

 

D.2.4 Extracting the Data to Excel 

1.  Open the MATLAB file called “processing method converter” This is available by 

emailing the authors. 

 

 -You must have a file such as Data List that contains all of the glycans so that 

peak areas can be extracted.  It should look similar to the following: 
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Figure D.13 – Data list for MATLAB extraction program. 
 

 *The MATLAB program will automatically take all of the glycans labeled 

Name_Nat and place them in column B and all of the glycans labeled Name_SIL 

and place them in column C.  It is very important that the glycans were named 

exactly in this way.  The order of the list does not matter. 

 

 

2.  The processing method converter file MUST be in the folder where the short 

excel report is as well as the data list. 
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 -Under list_filename: you should put the file name of the data list (i.e. data 

list 1.xlsx). 

 -Under data_filename: Plasma 8-24_03_Short.XLS (this is the filename you 

just created from the short report). 

 -Under save_filename: type what you would like the results file to be saved 

as (e.g.  Plasma 8-24_03_results.xls). 

 

 
Figure D.14 - Input data into MATLAB. 
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 -Press the play button at the top of the editor window. 

 

 
Figure D.15 – Execute MATLAB program for data extraction. 
 

 

 -Once the file has finished extracting the data an Elapsed time will appear in 

the main  MATLAB window.  You can then open your results file and manipulate 

the data as needed. 

  



270 
 

APPENDIX E 
 
 

Glycan Sample Preparation Detailed Protocol 
 
 
 

E.1 Reagents and Samples 
 

N-linked Glycan Analysis from Plasma: 

 

Batch Name:  

Start Time/Date: 

 

 

Reagents and Materials: 

 

Name Manufacturer P/N  L/N  

PNGase F (Glycerol Free) New England Biolabs P0705L  

Pooled Human Plasma Sigma Aldrich    

Dithiolthreitol Sigma Aldrich    

Ammonium Bicarbonate Sigma Aldrich    

Maltoheptaose Sigma Aldrich    

Formic Acid Sigma Aldrich    

Acetonitrile (HPLC) Burdick & Johnson    

Water (HPLC) Burdick & Johnson    

Methanol (HPLC) Burdick & Johnson 

Acetic Acid 

Trifluoroacetic Acid Sigma Aldrich 

Ethyl Alcohol     

Graphitized Carbon Cartridge Alltech 

Horseradish Peroxidase (HRP) Sigma Aldrich   
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Samples: 

Name Description     

1)  

2)   

3)   

4)  

5)  

6)  

7) 

8) 

9) 

10) 

11) 

12) 

 

 

E.2 Sample Preparation 

 

Preparation of Plasma Samples and Addition of Internal Standard: 

 

Start Time/Date:  

 

 Prepare 50-μL aliquots of plasma. 

Add 100 µL of Horseradish Peroxidase (2 mg/mL) 

Add 5 µL of Maltoheptaose (0.2 mg/mL) 

 

Denaturation and Digestion of Plasma: 

 

Start Time/Date:   

 

 Turn on heat block to 95°C ~1 hr before beginning sample preparation. 

Add 41 µL of 100 mM Ammonium Bicarbonate  

Pipette up and down, vortex, and centrifuge. 

 

Denature: Add 2 μL of 1M dithiolthreitol (DTT) to each sample making the 

final concentration 10 mM DTT. 
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Incubate at 95°C for 15 s followed by immediate incubation at 25°C for 15 s. 

Repeat previous step 3 additional times. 

 

Vortex, centrifuge. 

 Digest:  Add 2 μL (1000 Units – NEB; 15.3 mUnits – IUB) of NEB PNGase F 

to each sample. 

 

Vortex, centrifuge. 

 Incubate samples for 18 hours at 37°C 

 

Start Time/Date:____________________ 

End Time/Date:_____________________ 

 

N-linked Glycan Extraction – Ethanol Precipitation and Solid Phase Extraction: 

 

Start Time/Date: 

 

 Ethanol Precipitation:  Remove samples from 37°C incubator and quench the 

reaction with 800 μL of chilled ethanol. 

Vortex, centrifuge. 

Incubate at -80°C for 1 hr. 

 

Start Time/Date:____________________ 

End Time/Date:_____________________ 

 

 Centrifuge at 13200 rpm (check for ‘rpm’ on centrifuge) for 30 min. 

 

Start Time/Date:____________________ 

End Time/Date:_____________________ 

 

 Pipette supernatant into fresh microcentrifuge tube. 

Dry in SpeedVac at 45°C. 

 

Start Time/Date:____________________ 

End Time/Date:_____________________ 

 

Solid Phase Extraction:  Prepare solvents for solid phase extraction (SPE) as 

follows. 



273 
 

Solvent #1 – Wash Solution:   Water with 0.1% TFA. 

Solvent #2 – Conditioning Solution:  80% ACN in Water with 0.05% TFA. 

Solvent #3 – Elution Solution:  25% ACN in Water with 0.1% TFA. 

 

 Condition each of the solid phase extraction cartridges by adding two column 

volumes of Solvent #1, one column volume of Solvent #2, and two additional 

column volumes of Solvent #1. 

 

During the conditioning of the columns, reconstitute the samples in 1 mL of 

Solvent #1. 

 

Vortex, centrifuge 

 

Load each of the samples into individual SPE cartridges by pouring into the 

top. 

 

Wash each vial with 1 mL of Solvent #1, vortex, centrifuge, and pour into the 

same cartridge as the initial reconstitution. 

 

Wash a second time with 800 mL of Solvent #1, vortex, centrifuge, and 

pipette into the same cartridge as the initial reconstitution. 

 

Wash the cartridge and loaded sample with 40 mL of Solvent #1. 

 

Let the final wash solution pass through until the bottom of the meniscus 

reaches the top of the white filter. 

 

Elute the glycans with 1 mL of Solvent #3 and collect the 1 mL fraction in a 

microcentrifuge tube. 

 

Repeat the previous step 3 additional times for a total of 4 fractions per 

sample. 

 

Freeze the samples at -80°C. 

 

Dry in SpeedVac at 45°C. 
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Start Time/Date:____________________ 

End Time/Date:_____________________ 

 

Remove from SpeedVac and reconstitute fractions 1, 3, and 4 in 75 µL DI 

water and add into the vial with fraction #2. 

 

Freeze the samples at -80°C. 

 

Dry in SpeedVac at 45°C 

Start Time/Date:____________________ 

End Time/Date:_____________________ 

 

Glycan Derivatization: 

 

Start Time/Date: 

Prepare the reaction buffer by making a 10 mL solution of 75:25 (v/v) 

methanol:acetic acid. 

 

Make a 1 mg/mL solution of each the light and heavy tagging reagent in the 

reaction buffer. 

 

(Make only enough tagging solution for the current number of experiments – 

make immediately prior to reaction) 

 

Reconstitute the glycan samples separately in 200 μL of either the light or 

heavy tagging reagent. 

 

Pipette up and down, vortex, and centrifuge. 

 

Incubate all samples in parallel at 56°C for 3 hr. 

 

Start Time/Date:____________________ 

End Time/Date:_____________________ 

 

 

Immediately dry in SpeedVac at 55°C. 
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Start Time/Date:____________________ 

End Time/Date:_____________________ 

 

Store in -20°C freezer until ready for injection on LCMS. 

 

LCMS Sample Preparation: 

 

Start Time/Date: 

 

 Reconstitute the derivatized glycan samples in 200 μL of 95:5 (v/v) 

water:ACN. 

 

Pipette up and down several times, vortex for 30 s 

 

Spin down in centrifuge at 14000 rpm for 5 minutes. 

 

Remove supernatant. 

 

If necessary, mix Light- and Heavy-derivatized samples together in a 1:1 (v/v) 

ratio.  
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APPENDIX F 
 
 

Current Applications of the INLIGHT N-linked Glycan  
Relative Quantification Strategy 

 
 
 

F.1 Current Applications and Collaborations 

 The INLIGHT relative quantification strategy has been designed such that it 

can be applied to nearly any N-linked glycan sample preparation methodology from 

any biological sample.  The only requirements are that the glycans must be released 

from the proteins and contain a free aldehyde at the reducing terminus.  These 

requirements are met nearly ubiquitously in the case of N-linked glycans due to 

common use of PNGase F, which provides released glycans in the exact form 

needed for hydrazone formation.  Due to this, we have actively sought internal 

projects and external collaborations for the application of the INLIGHT strategy.   

 To date, the INLIGHT strategy has been successfully applied to several 

different samples within this group including human plasma (vide infra), chicken 

plasma, human embryonic stem cell lysates, and Magnaporthe oryzae fungus 

lysates.  This broad range of biological samples demonstrates the utility of the 

INLIGHT strategy in different sample preparation strategies and biological systems.  

Externally, we have generated interest in this strategy by the presentation of data 

and discussions at various meetings including the American Society for Mass 

Spectrometry Conference, the Warren Workshop, Innovative Molecular Analysis 

Technologies principal investigators meeting, and United States Human Proteome 
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Organization Meeting.  Through these discussions, collaborations have commenced 

with researchers at the Complex Carbohydrate Center at the University of Georgia, 

Pacific Northwest National Laboratory, Georgetown University, and 

GlaxoSmithKline.  These collaborations will allow us to continually develop and 

improve the INLIGHT strategy to make it a more ubiquitous and applicable tool that 

can be widely used in the field of glycomics. 

 Finally, because these novel reagents used in the INLIGHT strategy have 

been synthesized here at North Carolina State University, the availability to others is 

a barrier to the widespread use of this strategy.  Thus, we are currently in 

discussions with Thermo Scientific Pierce Protein Research (a division of Thermo 

Fisher Scientific) to evaluate our reagents with the possibility of developing the 

INLIGHT strategy for commercial availability.  The ability to have these reagents 

manufactured and available to researchers throughout the world would allow for the 

INLIGHT strategy to reach its full potential, and it is envisioned that this strategy can 

become the mainstream process for the relative quantification of N-linked glycan 

profiles between two samples.   
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F.2 Application to Ovarian Cancer Biomarker Discovery Efforts 

 The first large-scale glycan relative quantification study using the INLIGHT 

strategy was the application to ovarian cancer biomarker discovery efforts.  An 

ovarian cancer plasma repository has been collected in collaboration with the Mayo 

Clinic (Rocester, MN).  The repository consists of 164 age-, menopausal-, and draw 

date-matched control and cancer plasma samples over all stages of ovarian cancer 

(Figure F.1).  Because the repository contains single time point samples, it was 

necessary to collect matched control samples in an effort to minimize the biological 

variability due to age, menopause, and draw date.  Additionally, the control samples 

were taken from women who presented ovarian cancer-like symptoms (e.g. benign 

tumor) but were not diagnosed with ovarian cancer.  Thus, a biomarker that is 

 

 

 
 

 

Figure F.1 – The percent of the total ovarian cancer plasma repository for each 

stage of cancer.  It is seen that ~40% of the samples are from patients with early 

stage ovarian cancer. 
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capable of distinguishing between the control and cancer samples will likely be 

capable of screening for ovarian cancer vs. benign tumor without the necessity of a 

biopsy. 

 The N-linked glycan profiles were compared for each of the control-cancer 

matched pairs as detailed in Figure F.2.  The sample pairs were divided into 7 

batches for sample preparation and analysis.  Each batch took one week to prepare, 

and the entire data set required continual MS analysis (24/7) of over 3 weeks.  The 

data set is still being analyzed by the bioinformatic methods described in Chapter 7.  

Currently, ~25% of the data has been analyzed. 

 

 

 
 

Figure F.2 – The sample preparation strategy for the entire cancer-control matched 

ovarian cancer plasma repository. 
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 Two batches of the data have been processed, in which the relative 

quantification of each glycan for 24 sample pairs is presented as a heat map in 

Figure F.3.  To further demonstrate the effectiveness of the INLIGHT strategy, 

Figure F.3 presents a heat map for the glycan ratios in each sample corrected using 

a the HRP internal standard (Figure F.3a) and normalizing based on TGNF (Figure 

F.3b).  In Figure F.3a, it is seen that there is still systematic bias in certain samples.  

Certain columns (representing samples) are shown to be either all ‘up’ (red) or 

 

 
 

Figure F.3 – The individual glycan control:cancer ratios (depicted as a heat map) for 

each of the samples in the first two batches.  Each glycan is listed along the vertical 

axis, and each sample is listed along the horizontal axis.  a)  HRP internal standard 

corrected data.  b)  TGNF normalized data. 

G
ly

c
a
n

s

Sampleb)

G
ly

c
a
n
s

Samplea)

>2-Fold

Down

Cancer

>2-Fold

Up

Cancer



281 
 

‘down’ (green) regulated in cancer.  However, this is unlikely due to ovarian cancer 

but the effects of different ‘glycan loading’ on proteins based on the individual.  Thus, 

it can be seen in Figure F.3b that this systematic bias can be removed using the 

TGNF (i.e. no systematic red or green columns).  Though this is very qualitative, 

histograms of the data are plotted in Figure F.4.  Here, the analytical variability is 

plotted in Figure F.4a to demonstrate that the analytical variability is much less than 

the biological variability (
Analytical << 

Biological), which allows for the detection of 

significant biological change.  Additionally, it is seen that the HRP internal standard 

correction (Figure F.4b) contains more variation than when normalizing with TGNF.   

 Due to the more effective normalization strategy, the TGNF normalized heat 

map is presented in Figure F.5a, where the samples are grouped by stage, and the 

 

 
 

Figure F.4 – a) The analytical variability of the INLIGHT strategy as determined in 

Chapter 7.  b)  The histogram for the HRP internal standard corrected data.  c)  The 

histogram for the TGNF normalized data. 
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average glycan ratios for each stage are shown.  Using this data, one is able to 

begin to elucidate trends in certain glycans.  For example, in Figure F.5b, it can be 

seen that the Hex6HexNAc3 glycan is down regulated in nearly every cancer sample 

that has been analyzed to date, and this data shows that on average, as ovarian 

 
 

Figure F.5 – a)  The TGNF normalized relative quantification data for each sample 

and the average glycan ratio (depicted as a heat map) in each stage.  b)  The glycan 

ratios for the Hex6HexNAc3 glycan over the first two batches. 
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cancer progresses (in stage) this glycan becomes more down regulated.  Though 

these are preliminary data, these examples demonstrate the effectiveness of the 

INLIGHT strategy toward large biological data sets.  Thus, the entire data set will 

continue to be processed and analyzed in order to continue the search for glycan 

ovarian cancer biomarkers.  Additionally, glycan relative quantification studies are 

underway utilizing the INLIGHT strategy and the chicken model of spontaneous 

ovarian cancer.  This spontaneous model for ovarian cancer allows for longitudinal 

sampling of the onset of ovarian cancer, and because the variations in environment, 

age, feed, and strain are minimized, the biological variability is much less than single 

time point human data.  Thus, these two large-scale glycan quantification studies will 

complement each other toward the discovery and development of glycan ovarian 

cancer biomarkers. 

 

 


