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Abstract

Over the past decade, considerable progress has been made with respect to the analytical methods 

for analysis of glycans from biological sources. Regardless of the specific methods that are used, 

glycan analysis includes isolation, identification, and quantitation. Derivatization is indispensable 

to increase their identification. Derivatization of glycans can be performed by permethylation or 

carbodiimide coupling / esterification. By introducing a fluorophore or chromophore at their 

reducing end, glycans can be separated by electrophoresis or chromatography. The fluorogenically 

labeled glycans can be quantitated using fluorescent detection. The recently developed approaches 

using solid-phase such as glycoprotein immobilization for glycan extraction and on-tissue glycan 

mass spectrometry imaging demonstrate advantages over methods performed in solution. 

Derivatization of sialic acids is favorably implemented on the solid support using carbodiimide 

coupling, and the released glycans can be further modified at the reducing end or permethylated 

for quantitative analysis. In this review, methods for glycan isolation, identification, and 

quantitation are discussed.
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1 Introduction

Protein glycosylation is one of the most common protein modifications that affect the 

biological activities of all living organisms. Protein glycosylation is involved in many 

biological pathways including cell-cell signaling, protein stability, and solubility [1]. 

Aberrant protein glycosylation is associated with several pathological states such as 

hereditary inclusion body myopathy [2], cancer [3], immune responses [4,5], human 

immunodeficiency virus [6], and heart diseases [7,8]. The disease-associated alterations in 

glycosylation can be exploited for diagnosis or targeted treatment of diseases [9]. The 

structural elucidation of glycans is crucial for therapeutic glycoproteins such as antibodies 

because protein glycosylation can impact the efficiency and safety of glycoprotein-based 

drugs [10,11].
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The modification of proteins through enzymatic glycosylation is so complicated that the 

complexity of the glycome has surpassed that of the genome, namely because glycosylation 

is regulated by a variety of factors that are quite heterogeneous among cell types and species 

[12]. Due to the complex nature of glycans and their non-template-driven biosynthesis, the 

elucidation of the glycome has lagged far behind the elucidation of the genome and 

proteome [13]. As a result of such complexity, studies on the biological roles of 

glycosylation are inaccessible to most biomedical researchers. Together with the presence of 

isomers and other modifications, glycan analysis has become imperative [14].

A variety of methods have been developed for the isolation, identification, and quantitation 

of glycans. N-glycans are generally cleaved from glycoproteins using endoglycosidases 

[15]; O-glycans are released by O-glycosidase or chemical reactions such as β-elimination 

[16] and hydrazinolysis [17]. Glycans often require derivatization to increase their ionization 

efficiency for mass spectrometry (MS) [18,19], or they bear fluorogenic tags for fluorescent 

sensitivity [20,21]. The labeled glycans are quantitatively analyzed by HPLC in combination 

with a database [22]. With the advancement of MS instrumentation, the structures of 

derivatized glycans can be directly identified by matrix-assisted laser desorption/ionization 

(MALDI)- [23] or electrospray ionization (ESI)-MS/MS [24]. Through the use of isotopic 

labeling, glycans are quantified by MS1 via heavy-light tags on their reducing end [25,26] or 

via permethylation [27,28]. Recently, isobaric mass tags have become an attractive tool for 

glycan quantitation [29,30].

An overview of the methods for N-glycan isolation, identification, and quantitation is 

discussed, including in-solution isolation, solid-phase extraction, tissue imaging, MS 

identification, separation, and isotopic/isobaric quantitation. The solid-phase techniques are 

described in detail. A systematic method is deliberately illustrated for glycan extraction, 

derivatization, profiling, and quantitation. O-glycan can be analyzed using similar strategies 

described in this work, even though O-glycan is largely isolated by β-elimination [31]. In 

this review, we focus on protein N-glycosylations and their N-glycans.

2. N-glycan isolation methods

N-glycan isolation is a critical step in sample preparation (Figure 1). It can be performed by 

either direct digestion of glycoproteins in solution or on a solid-phase using enzymes 

[32,33]. Release of N-glycans using in-solution extraction requires the isolation of glycans 

from proteins or peptides, followed by desalting [34]. N-glycans can be imaged on tissue 

sections using MS [35,36].

2.1. In-solution extraction

In-solution extraction has been well-established and widely used for the analysis of N-

glycans. The procedure is relatively straightforward and it is summarized by the direct 

isolation of N-glycans from their glycoproteins by enzymatic digestion. Isolation of N-

glycans can be performed on a chromatographic column [37], filter [38,39], or cotton HILIC 

SPE micro-tips [40]. For example, the denatured glycoproteins are deglycosylated using 

PNGase F and the flow-through is purified using a two-step SPE procedure (C18 and PGC) 

[37,41,42]. N-glycans can be released from glycoproteins by hydrazine hydrolysis (e.g., 
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65°C) [43], while O-glycans are separately cleaved at a lower temperature (e.g., 60°C) [44]. 

The glycans released from hydrazinolysis must be re-acetylated to produce a reducing end. 

The hydrophilic glycans can bind to HILIC absorbents. This procedure has been used for the 

analysis of N-glycans in a variety of biological specimens [41,45] and is beneficial to study 

neutral N-glycans that do not contain fragile sialic acids. However, many samples such as 

sera or plasma consist of many sialylated glycans, so it would be problematic to study native 

N-glycans or N-glycopeptides from in-solution digestion without the derivatization of sialic 

acid residues [31]. This may be due to labile nature of sialic acid residue and difficult 

ionization of sialic acids in ESI [46]. Although sialylated glycans can be stabilized by 

permethylation [47] or methyl esterification in solution [48], it engenders some impediments 

such as sample loss, cleanup, and throughput.

2.2. Solid-phase extraction

Solid-phase extraction (SPE) is a newly emerging approach for glycan analysis. The 

immobilization step can be carried out using a physical barrier or chemical reaction. The 

physical immobilization utilizes different physical properties of proteins, such as size, ionic 

bond, and hydrophobic and polar interactions between proteins and the surface. SPE has 

been utilized for the extraction of N-glycans using a gel based matrix such as 1-D gel bands 

[49], 2D-PAGE gel spots [50,51], or gel immobilization [22]. Glycoproteins are denatured 

through reduction and alkylation before being separated through 1-D or 2-D gel 

electrophoresis [52]. The protocol developed by Royle et al. [53] is depicted in Figure 2.

Glycoproteins are immobilized in the cross-linked gel or membrane (e.g., PVDF) [54], while 

the other remaining molecules are extensively washed away. The glycoproteins are 

visualized by staining and they are excised for N-glycan release [53]. Glycoproteins can be 

covalently immobilized on solid-phase for N-glycan processing. Different from the filter 

approach, glycoproteins are chemically conjugated to the functional groups on solid support, 

such as amine, epoxy, aldehyde, or EHS ester [55]. The protein N-terminus is often used for 

immobilization of global proteins. For example, N-termini have primary amines that actively 

react with NHS ester [56,57], aldehyde [33,58,59], epoxy [55,60], and carboxylic acid [61]. 

In addition to N-termini of proteins, amino acids containing functional groups including –

OH, -SH, and -COOH can also be conjugated to the solid support. For example, threonine 

(T) and tyrosine (Y) bear –OH, cysteine (C) –SH, aspartic acid (D) and glutamic acid (E) –

COOH, and lysine (K) –NH2. These amino acid groups can react with a variety of functional 

groups as described in Table 1. Glycoproteins can be selectively enriched on the solid 

support by other amino acids. Different from lysine or N-terminus, cysteine-based 

immobilization specifically captures those proteins that contain cysteine. Chemicals, e.g., 

maleimide [62–65], pyridyil disulfide [66,67] and vinyl sulfone [68], can be applied for 

cysteine conjugation. Conversely, aspartic acid and glutamic acid have carboxylic acid that 

reacts with primary amines [69]. The hydroxyl group on serine (Ser) or threonine (Thr) can 

also react with epoxy for rapid immobilization [70].

Glycoprotein immobilization can be employed for glycan extraction. Conjugation of 

glycoproteins only occurs on amino acids while carbohydrate moieties remain intact. One 

method utilizes the N-termini or lysines for chemical immobilization, allowing 
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derivatization of glycans on solid-phase. Such a strategy has been successfully demonstrated 

on a platform termed ‘Glycoprotein Immobilization for Glycan Extraction (GIG)’ 

[33,59,71]. The schematic workflow of GIG is shown in Figure 3, and it features several key 

steps such as protein extraction, denaturation and conjugation, sialic acid stabilization, N-

glycan release, and protein digestion. By adjusting the pH of a binding buffer, one could 

selectively conjugate N-termini and/or lysines. An advantage of GIG includes the 

derivatization of glycans on solid-phase with diverse chemical or enzymatic treatments [72]. 

For example, sialic acid protection is required prior to MS analysis. If a reaction is 

performed in solution, proteins presumably precipitate in mildly acidic condition (pH 5.0). 

When peptides instead of proteins are used for the carbodiimide coupling of sialic acids, it is 

not feasible to purify the derivatized glycans from the coupling reagents. Not only has an 

excess amount of reagents been used for complete labeling, but their similar 

chromatographic properties also make isolation difficult. Sialic acid carbodiimide coupling 

can be easily performed during GIG while unnecessary reagents are washed off. N-glycans 

are thus procured using enzymes such as PNGases.

Dynamic covalent chemistry (DCC) can be also utilized for the direct enrichment of 

glycans. DCC consists of reversible chemical reactions at thermodynamic equilibrium [73]. 

For example, native N-glycans have a reducing-end that can form an acyclic configuration 

(i.e., aldose) by nucleophilic attack [34,74]. As illustrated in Figure 4, the acyclic form 

generates one active aldehyde that can conjugate to hydrazide [34,75], amine [76] or 

aminooxy groups [77]. These covalent bonds are stable at a higher pH, e.g., in PBS (pH 7.4) 

or NH4HCO3 (pH 8.0). Our previous studies indicated that hydrazone bonds are effective 

for the enrichment of N-glycans [34,74]; the release of N-glycans is performed in acid 

conditions via hydrolysis (0.1% TFA).

2.3. On-target extraction for N-glycan imaging

The primary goal of N-glycan imaging on tissue sections is to reveal the spatial distribution 

of glycans for identification of histology-dependent changes in protein glycosylation, which 

could lead to identification of glycan biomarkers, treatment targets and the improvement of 

systematic models of glycosylation. Affinity-based histostaining using lectins, which are 

naturally occurring glycan-binding proteins, is widely used to image certain glycan epitopes 

on tissues. Despite their effectiveness and ease of use, lectins are limited in several ways. 

First, lectins lack the specificity to distinguish glycan structures that share similar epitopes. 

Second, lectin staining provides a qualitative means for tissue analysis, however it lacks 

quantitative accuracy. Lastly, due to steric hindrance and binding competition between 

lectins, it is not suitable for high-throughput glycan analysis. Mass spectrometry imaging 

(MSI) is a powerful technique that overcomes some of the limitations of histostaining by 

providing a highly specific, semi-quantitative method for high-throughput profiling of N-

glycans directly from tissue sections immobilized on glass slides. The application of MSI for 

N-glycan imaging has been demonstrated on frozen [78] and formalin-fixed paraffin 

embedded human samples and animal models [35,36]. Depending on the way that the tissue 

was prepared, it is first treated with wash solutions and antigen retrieval buffers so that the 

proteins regain their reactivity. The tissue is then treated with the PNGase F enzyme, which 

can be applied to the tissue using either a sprayer or an array printer. Following incubation at 
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37 °C, DHB matrix, which facilitates the deglycosylation, is sprayed over the sample. 

MALDI-MS/MS analysis is used to image the glycans that have been released and detached 

from the slide through enzymatic treatment. Using this technique, N-glycans can be 

simultaneously identified and imaged from a single tissue section in one experiment.

In addition to ex vivo glycan imaging, metabolic labeling via click chemistry followed by 

tagging with fluorescence probes has been used for in vivo imaging of zebra fish 

development [79] and Caenorhabditis elegans [80].

3. Glycan separation and identification

Identification of N-glycans is a crucial step in understanding their roles in the regulation of 

biological activities. N-glycan consists of a core Man3GlcNAc2Asn, where Man stands for 

mannose, GlcNAc for N-acetylglucosamine, and Asn for asparagine [81]. In general, N-

glycans can be identified through MS analysis or separation of fluorescently labeled glycans 

alone (Figure 1).

3.1. Identification by chromatographic separation

Glycosylation analysis is summarized in Figure 5, and it includes the characterization of N-

glycans in intact glycoproteins, glycopeptides, and structural analysis of N-glycans [82]. In 

this review, we focus on the analysis of N-glycans after chemical or enzymatic release. 

NMR (nuclear magnetic resonance) or XRD (X-ray diffraction) is capable of determining 

3D structure of molecules, but it often fails to elucidate complex N-glycans and requires a 

large amount of sample. MALDI or ESI alone can be used for the compositional analysis of 

N-glycans, but these approaches could prove inefficient in the analysis of complex N-

glycans without separation. Since the hydrophobicity of N-glycans increases with their size, 

it is routine to separate N-glycans by their hydrophobicity prior to MS analysis. N-glycans 

may be labeled with fluorescent tags, further increasing their hydrophobicity. The 

fluorescent labeling only occurs at the reducing end of N-glycans, thus ensuring each N-

glycan will react with a single fluorescent tag, making this approach suitable for quantitative 

analysis [20].

Liquid chromatography (LC) is an effective technique for the separation of fluorescently 

labeled N-glycans, including HILIC, anion-exchange, RP, or CE. For example, HILIC 

utilizes amide-bonded stationary phases, thus the larger N-glycans have a longer retention 

time than the smaller ones. The number of monomers in linear oligomers of glucose is often 

expressed as glucose units (GU) [83]. The dependency of the logarithm of GU on the 

retention time is described by a polynomial equation [84]. The calibration curve can be 

acquired by the analysis of a mixture of linear glucose oligomers that are prepared by partial 

hydrolysis of dextran (a.k.a. dextran ladder). N-glycan structures are then assigned based on 

HILIC elution positions [85]. Since the GU value is glycan-specific, it can be used as a 

library for the structural assignment of unknown glycans without directly relying on mass 

spectrometry analysis. Using these approaches, 10 N-glycans from heavy chain human 

serum IgG were identified by HPLC-HILIC (Figure 5B). The same methodology has been 

applied for the detection of serum glycan biomarkers in lung cancer [86], stomach cancer 

[87], and ovarian tumors [88]. Results indicated that an increase in sialylation was observed 
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on glycoproteins in the cancerous state, while an increased level of core fucosylated 

biantennary N-glycans and a decreased expression of mono-galactosylated/core fucosylated 

biantennary N-glycans were present with increasing disease progression [89].

3.2. Identification by mass spectrometry

Mass spectrometry has become a popular tool for molecule analysis. Advancements in both 

the speed and sensitivity of MS instrumentation have greatly benefited the glycomic field. 

The most common ionization techniques include MALDI, ESI and APCI for glycan 

analysis. APCI utilizes gas-phase ion-molecule reactions at atmospheric pressure, and it is 

mainly used with polar and relatively nonpolar compounds with a molecular weight less 

than 2000 Da [90]. MALDI is a fast analytical approach to obtain a snapshot of glycan 

profiles, while ESI can detect glycans with a wide range of molecular weights. To elucidate 

the composition and structure of glycans, several fragmentation techniques have been 

developed, i.e., CID (collision induced dissociation), HCD (higher-energy collisional 

dissociation), and ETD (electron transfer dissociation). CID is a MS technique to induce 

fragmentation of molecular ions in the gas phase and it can be used to partially or 

completely determine the structure of a molecule. Known as higher-energy C-trap 

dissociation, HCD fragmentation takes place prior to trapping the ions in the mass 

spectrometer’s ion trap. HCD provides beam type CID tandem MS with detection of 

fragmented ions at a higher resolution in the Orbitrap mass analyzer [91]. CID/HCD is a 

powerful tool for the identification of glycan structure and peptide backbone because it 

enables the elucidation of glycosylation sites by maintaining the glycan-peptide linkage 

[92]. The generated MS and MS/MS spectra can be used for automatic annotation of N-

glycan structure, such as GlycoWorkbench [93], SimGlycan [94], GRITS (www.grits-

toolbox.org).

MALDI-MS has been widely used for glycan identification and quantitation. Serum is most 

commonly used for the analysis of potential glycan markers. By profiling glycans, Kirmiz et 

al. found that the glycosylation patterns of patients with breast cancer were strikingly 

different from those without breast cancer [45]. Serum N-glycans were surveyed from 

ovarian cancer patients for the discovery of potential N-glycan biomarkers [42]. Size-

selective enrichment of N-glycans was achieved using highly ordered mesoporous carbon 

material, which greatly improved the identification of N-glycans. Qin et al. used this 

approach for the analysis of N-glycans and they identified several core-fucosylated N-

glycans that could distinguish liver cancer patients from healthy patients [95]. To stabilize 

sialylated N-glycans, Miura et al. developed a rapid and simple solid-phase esterification on 

sialic acid residues for quantitation of sialic acid by MALDI-TOF-MS [96]. In addition, the 

formation of on-target aniline Schiff-based modification facilitates the laser energy 

absorption and ultimately improves detection of glycans by MALDI-MS, and it is 

particularly useful for sialylated species [33,97]. However, yields of N-glycan identification 

using this technique are low without separation since over 350 structures are estimated to be 

present in the selected group of serum proteins [41].
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3.3. Separation by liquid chromatography or electrophoresis

A variety of separation techniques have been applied for N-glycan enrichment. The 

structural heterogeneity of glycans presents a formidable analytical challenge, but it offers 

the feasibility to separate the glycans using different separation methods. Native N-glycans 

have abundant polar groups (OH) or charged groups (sialic acids), allowing them to be 

separated using LC or electrophoresis. HPLC is a method that has been widely applied for 

separating glycan mixtures and analyzing oligosaccharide profiles [83,98]. Recently, a 

microfluidics device has been implemented as a new platform to use in tandem with HPLC. 

For example, a microchip has been developed in which porous graphitized carbon particles 

are packed in micro-channels for the profiling of native N-glycans [99]. This technique was 

employed to analyze sera from two groups of prostate cancer patients with different 

diagnoses. More than 300 N-glycan species were identified and differentially expressed in 

different groups [100]. Glycoproteins can also be immobilized on the solid-phase for direct 

profiling with graphitized carbon particles in a 2D device, resulting in the faster analysis of 

isomers and profiling of N-glycans [59].

Capillary electrophoresis (CE) is another method of choice for analysis of glycan 

heterogeneity and their structural moieties. Native glycoproteins can be separated using 

high-performance CE to study glycan-mediated heterogeneity and the characterization of 

glycoprotein-derived N-glycans [32]. CE may have better selectivity for separation of 

isomeric structures on fluorescently labeled glycans [101,102]. It is complicated to interface 

CE with MS for automated separation and identification of glycans, even though a few 

groups have successfully coupled CE with MS [103,104].

4. Glycan quantitation

Quantitation of glycans can be accomplished using a variety of methods, such as fluorescent 

labeling, UV detection, isotope labeling, and isobaric tag.

4.1. Labeling tags for fluorescent or UV detection

Presence of a unique reducing end on N-glycan core GlcNAc (N-acetylglucosamine) in 

addition to the high sensitivity of fluorescence or UV detection allows for application of 

fluorescent or UV-activated labeling of N-glycans for quantitation. Most N-glycan labels are 

aromatic amines that are conjugated to glycans by reductive amination. Several types of tags 

have been used in N-glycan labeling and quantitation by fluorescent detection, e.g., 2-AA, 

2-AB, APTS, and AA-Ac. These tags have been used in different ways and applications: 2-

AA is suitable for applications such as profiling complex N-glycan patterns by HILIC [105] 

and rapid analysis by gel electrophoresis [20]; 2-AB is favorable when used for profiling 

complex N-glycan patterns by anion exchange and reverse phase HPLC; APTS is commonly 

used for CE. AA-Ac is a relatively new tag for rapid and sensitive profiling and structural 

analysis of glycans by HPLC and LC/MS. Other tags have been developed to increase 

sensitivity in UV detection, such as 1-(2-naphthyl)-3-methyl-5-pyrazolone (NMP), 1-

pheyl-3-methyl-5-pyrazolone (PMP) [106]. Separation using these tags has been 

summarized by Ruhaak et al. [107].
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4.2. MS1-mass shift isotope tags

Quantitation of glycans has been successfully performed using mass spectrometry. As 

shown in Figure 1, N-glycans can be labeled with stable isotope coded tags on their reducing 

end or permethylated by replacing –OH with –OCH3. Ideally, the stable isotope labeling 

methods should have minimal effect on the physical properties of glycans. For example, 

when a glycan reducing end is derivatized by a stable isotopic tag, 13C (heavy) is often used 

to replace 12C (light) as opposed to deuterium for 1H to ensure that the derivatized glycans 

have very similar chromatographic properties [108]. The heavy or light isotopic tags can be 

incorporated into a pair of samples by either metabolic treatment or chemical synthesis 

[109,110]. The relative abundance of the glycan is determined from the ratio of the light- 

and heavy-labeled molecules. Recently, Orlando et al. utilized metabolic incorporation 

of 15N-Glutamine into the glycans of cultured cells taking advantage of the fact that the 

amide chain of glutamine is the sole source of nitrogen for the biosynthesis of GlcNAc 

[111]. Walker et al. were able to synthesize stable-isotope tags using hydrophobic hydrazide 

for chemical derivatization of glycans via their reducing ends [112]. The tags allow for 

quantitation and are also capable of enhancing glycan hydrophobicity, so that the routine 

LC-MS for peptides can be applied for glycan quantitation and identification. However, this 

mass-shift approach is usually limited to pair-wise measurement in addition to the spectrum 

complexity for quantitation of a large number of glycans from biological samples.

4.3. Tandem mass isobaric tags

Glycan quantitation can also be carried out through fragmented reporter ions using MS/MS 

(Figure 6). Tandem mass tag consists of a reporter, a balancer, and a primary amine (Figure 

6A). Stable isotope coded tags are chemically conjugated to glycans, typically on their 

reducing end. Different samples are labeled with a set of isobaric tags. The labeled glycans 

are pooled together to form a single peak where MS1 spectra show the same m/z for 

individual glycan precursors from different samples; upon fragmentation, the reporter ions 

depict the relative abundance of glycans in different samples (Figure 6B). Bowman and Zaia 

synthesized tags that produce a 4-dalton mass shift in the tandem MS, allowing for the direct 

comparison of three samples or triplicate measurements within one mass spectral analysis 

[113]. Due to distinct moieties of the tags, the labeled glycans may have varied retention 

times in LC-MS/MS, causing variation in the identification of precursor ions for MS/MS 

fragmentation. Hahne et al. reported an aminoxyTMT (tandem mass tag) tag for labeling the 

carbonyl group of N-glycans with limited success [29]. Our group successfully designed a 

novel carbonyl-reactive tag using primary amine for conjugation of the reducing end of N-

glycans [30]. The reaction is achieved by Schiff-base chemistry similar to that of 2-AA or 2-

AB fluorescent labeling; thus, similar protocols can easily be developed that include our 

isobaric tag labeling strategy.

5. Systematic platform for analysis of protein glycosylation

Systematic approaches have been pursued to study protein glycosylation, including glycans 

and protein glycosites. A rapid glycoprotein sample preparation platform, GlykoPrep™, has 

been reported by ProZyme, for streamlined N-glycan preparation including release, 

purification and labeling [114]. The platform relies on antibodies to target and enrich 
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glycoproteins for the isolation of glycans. It dramatically increases throughput and can 

process up to 192 samples within 3 h.

It is ideal to analyze both glycans and protein glycosites in an integrated platform. As shown 

in Figure 7A, iGIG enables one to analyze glycans, glycosites, and intact glycopeptides 

simultaneously. Many researchers have studied site-specific N-glycosylation by analysis of 

N-glycans (Figure 7A.1) and direct digestion of intact glycoproteins (Figure 7A.2), followed 

by enrichment of intact glycopeptides using HILIC [115,116]. To reduce false discovery, it 

would be more precise to search intact glycopeptides using database comprised of identified 

peptides from MS/MS instead of using an entire database. For example, glycopeptides are 

first deglycosylated by PNGase F to release both deglycosylated peptides (Figure 7A.1) and 

N-glycans (Figure 7A.2). The deglycosylated peptides are searched against the entire 

database (e.g., Homo sapiens), whereas N-glycans are determined by MS or fluorescent 

detection. Furthermore, intact glycopeptides can be analyzed separately by LC-MS/MS after 

HILIC enrichment (Figure 7A.3). The MS and MS/MS spectra can be searched using 

databases from A.1 and A.2.

The workflow in Figure 7A may cause partial or complete loss of the fragile sialic acids 

during sample processing and MS ionization/detection. The iGIG platform can be used for 

analysis of intact glycopeptides and especially sialylated glycopeptides (Figure 7B) [117]. 

Compared with the in-solution approach, glycoproteins are first immobilized to the amine-

reactive aldehydes on resin by reductive amination. Sialylated glycoproteins are then 

derivatized by carbodiimide coupling, e.g., p-Toluidine and EDC in pH 4.5–5.5 [33,72]. The 

derivatized sialic acids are stable in an acidic solution (e.g., 0.1% TFA) and during MS 

ionization (e.g., MALDI or ESI). Glycoproteins are deglycosylated using PNGase F to 

identify peptides and N-glycans (Figure 7B.1&2). Meanwhile glycoproteins are directly 

digested from the resin with trypsin (Figure 7B.3). These steps are incorporated in the 

workflow illustrated in Figure 7A. To improve specificity, glycoproteins can also be 

enriched using specific lectins before GIG immobilization. However, we only focused on 

the identification of N-glycans in this review.

Use of iGIG for preparation of N-glycans shows similar results in comparison to the solution 

approach. As shown in Figure 8, N-glycans from healthy human sera are prepared by an in-

solution method (A) and GIG (B). The solution method follows procedures described by 

Morelle & Michalski [31]. The N-glycan profiles have similar pattern, featuring the most 

abundant peak for N2H2S2 followed by N2H2S. In iGIG, a similar N-glycan pattern is 

observed (Figure 8B). The intensity of N-glycans from solution and GIG can be compared 

by spiking internal standards (e.g., Maltoheptaose (DP7), 1 μL @ 25 μM). For instance, the 

intensity of N-glycan (N2H2S2) from iGIG is ~2-fold greater than that from the solution 

method. It is expected that low abundant N-glycans can be identified through enhanced 

ionization and improved ion competition by iGIG. Additionally, the relative abundance of 

non-sialylated N-glycans should be the same regardless of the solution or iGIG method. N-

glycans, such as FN2H or FN2H2, exhibit similar intensities since they are not affected by 

carbodiimide coupling. Overall, iGIG not only can protect sialic acids, but also enhance the 

identification of sialylated glycans. This feature will benefit the identification of intact 

sialylated glycopeptides as well.
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N-glycans extracted from the iGIG platform can be also labeled on their reducing end for 

fluorescent detection. Although fluorescent detection does not elucidate glycan structures, it 

offers higher sensitivity for glycan analysis. Fluorescent labeling is commonly performed in 

acidic conditions, e.g., 15–30% acetic acid or citric acid, at 37–90°C from 1 h to overnight 

incubation. Typically, 2-AA or 2-AB labeling is performed at 65°C for 3 h for complete 

reaction [53]. Under these conditions, the labile sialic acids may be lost to some extent due 

to acidic hydrolysis [118,119]. Therefore, stabilization of sialic acids prior to 2-AA or 2-AB 

labeling could largely minimize loss of the sialic acid residues. iGIG enables the 

derivatization of sialic acid residues in pH > 5.0, and the modified N-glycans are very stable 

in low pH and/or high temperature (< 80°C). N-glycans, after fluorescent labeling, can be 

quantitatively analyzed by HILIC or HPLC separation and fluorescent detection. The 

combination of exact mass and retention time, together with glycan fragments, provides a 

powerful means to elucidate glycan structure and its effect in the disease progression. With 

the advancement of software development [120], it will be possible to explore glycan 

biomarkers from body fluids or tissue specimens in the near future.

6. Summary

Accurate analysis of protein glycosylation requires a robust platform for sample preparation. 

Solid-phase is a newly emerging technique for the analysis of protein glycosylation. The 

rapid immobilization of proteins on the solid support makes it an ideal method for rapid 

sample processing and manipulation. The in-solution method requires several sample 

cleanup steps and it is often impossible to isolate glycans from other reagents based on their 

chromatographic properties. Cleanup on resin is achieved by extensive washing. Sample loss 

is effectively reduced because a permanent bond is formed by the chemical immobilization 

of proteins.

iGIG has been developed to meet some of these sample preparation challenges that are faced 

by many researchers. iGIG can be particularly useful for detailed structural analysis of N-

glycans by exoglycosidase enzymes. In solution, glycans need to be purified after enzymatic 

digestion, compared to glycans that are still linked to glycoproteins on resin which do not 

require purification. Exoglycosidase enzymes can remove individual monosaccharides in 

series with intermediate washing steps. These advantages not only quicken the analysis, but 

also mitigate sample loss and facilitate the removal of chemical reagents from bound 

glycoproteins.

iGIG can be employed for the analysis of intact glycopeptides. The additional challenges 

faced by modifications of sialic acid in solution can be reconciled using solid-phase. With 

enrichment of glycoproteins by lectins, the number of identified glycosites and glycoforms 

is expected to increase. The modified glycans can also be permethylated for detailed 

structural analysis.
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Abbreviations

GIG glycoprotein Immobilization for glycan extraction

iGIG integrated glycoprotein immobilization for glycoprotein and glycan analysis

SPE solid-phase extraction

SPEG solid-phase extraction of glycosite-containing peptides

DCC dynamic covalent chemistry

2-AA 2-aminobenzoic acid

2-AB 2-aminobenzamide

2-AP 2-aminopyridine

AA-Ac 3-(acetylamino)-6-aminoacridine

APTS 1-aminopyrene-3,6,8-trisulfonic acid

AAL aleuria aurantia lectin

SNA sambucus nigra lectin

ConA concanavalin A

DHB 2,5-Dihydoxybenzoic acid

EDC N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide

TFA trifluoroacetic acid

HILIC hydrophilic interaction liquid chromatography

HPLC high performance liquid chromatography

RPLC reverse-phase liquid chromatography

bRPLC basic reverse-phase liquid chromatography

MECC micellar electro kinetic capillary chromatography

cIEF capillary isoelectric focusing

CZE capillary zone electrophoresis

APCI atmospheric pressure chemical ionization

ESI electrospray ionization

MALDI matrix-assisted laser desorption/ionization
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Figure 1. Strategies for isolation, identification, and quantitation of N-glycans from biological 
specimens
Proteins extracted from biological samples are digested with enzymes for glycan extraction 

in solution or on resin. Glycans from in-solution digestion require chromatographic cleanup 

prior to derivatization by reducing end labeling or permethylation; while the immobilized 

glycoproteins can be derivatized directly on the solid support. Sialic acids can be stabilized 

before glycans are released for derivatization. Glycans are further quantitatively analyzed 

through different separation techniques, or in combination with fluorescent/stable isotopic 

labeling and mass spectrometry.
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Figure 2. Schematic flowchart of in-gel digestion of glycoproteins for N-glycan extraction
The method is based on a protocol described in the literature [53]. Proteins are first 

chemically treated by reduction and alkylation. Proteins are stained with Coomassie blue 

and directly digested in-gel to release N-glycans. N-glycans are modified through different 

methods, e.g., esterification for sialic acid or labeling for reducing ends/permethylation. 

Quantitative analysis is carried out by fluorescence detection or mass spectrometry.
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Figure 3. N-glycan enrichment and extraction using glycoprotein immobilization for glycan 
extraction (GIG)
GIG consists of five steps, including protein extraction, protein immobilization, sialic acid 

stabilization, N-glycan release, and protein digestion. Proteins are immobilized on the solid 

support via reductive amination of protein amines. Stabilization of sialic acids increases 

identification. After release of N-glycans, proteins can additionally be digested with trypsin 

for global proteomics.
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Figure 4. N-glycan enrichment and purification using reversible hydrazide chemistry
N-glycans released by PNGase F are conjugated to beads functionalized with hydrazide 

groups. The hydrazides in acetic acid perform a nucleophilic attack on the carbonyl carbon 

of the acyclic reducing terminal residue of N-glycans to form a stable Schiff’s base 

conjugation (pH > 5.0). Aniline is added as a catalyst to quicken the reaction. After washing 

unbound molecules, N-glycans are released from beads via acidic hydrolysis (10% formic 

acid). This method allows for the enrichment and purification of N-glycans from biological 

samples. (Reprint with permission)
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Figure 5. Strategies for analysis of protein glycosylation for characterization of N-glycans in 
intact glycoproteins, glycopeptides, and structural analysis of N-glycans
(A) Protein glycosylation can be analyzed using a variety of approaches. Partial intact 

glycoprotein characterization can be achieved by lectins, e.g., ConA, AAL, SNA etc.; their 

glycoforms can be profiled using different separation techniques such as MECC, cIEF, 

CZE,CE or LC/MS. Glycoproteins can also be analyzed through bottom-up approaches by 

proteolysis, whereas glycosites can be identified using SPEG. Glycans are further digested 

from glycopeptides or glycoproteins; the labeled glycans are analyzed for their composition 

and structures by MALDI- or ESI-MS/MS, or their structures are identified by different 

separation methods, for instance, CE-LIF, HILIC, HPLC, or RPLC. (B) N-glycan profiling 

of human serum IgG by using the approach described in (A). Glycans are determined by 

glucose units (GU) while their relative abundance is based on fluorescent detection [82]. 

(Reprint with permission)
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Figure 6. Schematic diagram of isobaric tag and its labeling process for glycan quantitative 
analysis
(A) An isobaric tag, iARTs, consists of a reporter, a balancer, and an amine. Under acidic 

solution, the reducing end of a glycan forms an aldose that reacts to the amine. Upon 

MS/MS fragmentation, the reporter ion is generated for quantitation. (B) Isobaric tag 

labeling process incudes several key steps such as glycan extraction (GIG), labeling, and 

LC-MS/MS.
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Figure 7. Systematic approaches for analysis of protein N-glycosylation
Glycans, deglycopeptides and intact glycopeptides are systematically analyzed using (A) In-

solution and (B) GIG. Intact glycopeptides are searched using databases from N-glycans and 

global peptides. In solution, peptides (A.1) are quantitatively analyzed by LC-MS/MS while 

N-glycans can be determined by labeling or permethylation (A.2); intact glycopeptides are 

enriched by chromatography (HILIC) or lectin (A.3). On GIG, glycoproteins are 

immobilized on resin for derivatization of glycan; sialic acids are stabilized (B.2) before 

tryptic digestion for glycopeptide identification (B3); deglycosylated peptides are 

quantitatively analyzed by LC-MS/MS (B.1).
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Figure 8. MALDI-MS spectra of permethylated N-glycans from human serum
N-glycans are prepared in solution (A) and on solid-phase (B) using 20 μL serum. In the in-

solution method, serum is directly digested using PNGase F after protein denaturation; the 

released N-glycans are then permethylated. On solid-phase, glycoproteins are immobilized 

on beads for glycan modification, e.g., sialic acid stabilization before permethylation. The 

top nine N-glycans are listed, in which iGIG yields more N-glycans based on their 

respective intensities. The same m/z is observed on glycans that do not contain sialic acids. 

A higher intensity is observed on sialylated glycans due to their protection.
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Table 1

List of reactive amino acid side groups in proteins for solid-phase immobilization. Amino acid side groups, 

lysine, cysteine, aspartic acid, and serine, are potentially used as active sites for immobilization.

Amino 
acid side 
groups

Amino acids Functional groups 
on solid-phase

Pros and Cons Applications

-NH2 Lysine (Lys) N-termini -COOH (Carboxylic 
acid) Aldehyde

Fast; non-selective Fast, high 
yield; non-selective

Two-step process of diimide-activated 
amidation [61]. Dynamic 
immobilization of proteins [58]; 
Glycan extraction [33]; Glycan on-line 
extraction and separation [59].

NHS (active ester) Fast; inactive if exposed to 
moister in air

Protein on self-assembled monolayer 
[56]; Protein on gold surface for 
biospecific interaction [57].

Epoxy Fast; non-selective Protein immobilization on epoxy-
activated thin polymer film [60]; 
Thiol-sulfide exchange followed by 
covalent immobilization [55].

-SH Cysteine (Cys) Maleimide Quick reaction; slow hydrolysis 
under aqueous conditions

Bis(maleimidohexane) (BMH) for 
polyclonal anti-human IgG [62]; N-
maleimidocaproyl succinimide 
(EMCS) for fibronectin [63]; 
sulfosuccinimidyl 4[p-
maleimidopheny] butyrate (sulfo-
SMPB) for DNA chip [64]; Maleimide 
monolayer for glycan microarray [65].

Pyridyil disulfide Reversible; poor solubility Pyrodyl disulfide-functionalized 
nanoparticles [66];Peptide-
oligonucleotide conjugation [67].

Vinyl sulfone Stable, high yield; non-selective Vinyl sulfone silica [68]

-COOH Aspartic acid (Asp) 
Glutamic acid (Glu) C-
termini

-NH2 (Amine) Mildly acidic condition (pH = 5–
6); Non-specific modification 
(sialic acid), solubility.

Enzyme on beads [69]

-OH Serine (Ser) Threonine 
(Thr)

Epoxy Easy protocols, neutral pH, strong 
bond; slow reaction.

Bifunctional epoxy/thiol-reactive 
support for quick immobilization [70]
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