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Abstract: Monolithic column materials offer great advantages as chromatographic media in 

bioseparations and as solid-supports in biocatalysis. These single-piece porous materials 

have an interconnected ligament structure that limits the void volume inside the column, thus 

increasing the efficiency without sacrificing the permeability. The preparation of monolithic 

materials is easy, reproducible and has available a wide range of chemistries to utilize. 

Complex, heterogeneous and isobaric glycan structures require preparation methods that 

may include glycan release, separation and enrichment prior to a comprehensive and site-specific 

glycosylation analysis. Monolithic column materials aid that demand, as shown by the 

results reported by the research works presented in this review. These works include 

selective capture of glycans and glycoproteins via their interactions with lectins, boronic 

acids, hydrophobic, and hydrophilic/polar functional groups on monolith surfaces. It also 

includes immobilization of enzymes trypsin and PNGase F on monoliths to digest and 

deglycosylate glycoproteins and glycopeptides, respectively. The use of monolithic capillary 

columns for glycan separations through nano-liquid chromatography (nano-LC) and 

capillary electrochromatography (CEC) and coupling these columns to MS instruments to 

create multidimensional systems show the potential in the development of miniaturized, 

high-throughput and automated systems of glycan separation and analysis. 
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1. Introduction 

Glycans are structures of monosaccharides or sugar building block units connected to each other in 

linear or branched arrangements. They are synonymously referred to as carbohydrates or as oligosaccharides. 

They exist either in free, unconjugated forms or covalently linked to proteins, peptides, lipids or 

saccharides to form glycoconjugates such as glycoproteins, glycopeptides, proteoglycans, peptidoglycans, 

glycolipids and lipopolysaccharides. The compositions, configurations, and linkages vary from one 

glycan to another making their structures complex and heterogeneous. As a consequence, glycans 

developed diverse biological functions that can be summed up into two main categories: (1) as specific 

recognition mediators, e.g., receptors to pathogens and cells, and (2) as biological process modulators, 

e.g., on-off switches of protein function [1]. Studying the structures and biological functions of glycans, 

whether as free glycans or in glycoconjugates is called glycomics. The current strategy in glycomics is 

the improvement of the existing preparative methods to obtain excellent structural characterization 

analysis. A specific approach is the development of materials used as stationary phases, matrices and 

capillaries of columns used in the separation, extraction, enrichment and release of glycans. Monolithic 

materials are now becoming good choices in designing columns due to their higher permeability, excellent 

convective mass transfer, ease of preparation and compatibility for integration with mass spectrometry 

(MS) instruments. A number of reviews have been written about monolithic materials and their uses in 

bioseparations [2–8]. In this review, we focus on the development of monolithic column materials used 

as solid supports for enzymes to release glycans, stationary phases for separation and enrichment of 

glycans, glycopeptides and glycoproteins and as sorbents for extraction of glycoproteins from biological 

samples. We focus on glycans of glycoproteins as influenced by the growing and recent literature. 

2. Glycans, Glycosylation and Glycoproteins 

Peptides undergo post-translational modifications (PTMs) in protein synthesis. PTMs include 

phosphorylation, methylation, acetylation and glycosylation. Glycosylation is the most prevalent PTM 

in proteins wherein glycans are covalently linked to an amino acid sequence through the action of a 

glycosyltransferase enzyme. Glycoproteins are products of glycosylation, and a majority of attached 

glycans are either N-linked or O-linked. Other known modes of glycosylation include C-mannosylation 

(first described for human RNase 2 [9]), O-fucosylation [10], phosphoglycosylation [11] and glypiation [12]. 

N-linked glycosylation is more readily studied due to the availability of a selective method to release  

N-glycans, namely use of the enzyme peptide N-glycosidase F (PNGase F) [13]. N-glycans can also be 

released by chemical means via hydrazinolysis [14]. N-linked glycans are linked to proteins through the 

N of asparagine (Asn), and have a consensus sequence of Asn-X-Ser/Thr where X is any amino acid 

except Pro. N-linked glycans have a common core oligosaccharide Man3GlcNAc2. O-linked glycosylation, 

on the other hand, occurs by the linkage to the O of Ser or Thr. Unlike N-glycans, O-glycans do not have 

a conserved structural core, or a consensus sequence. O-glycans are typically released by β-elimination 

via treatment with mild base or borohydride [15]. The biological functions and structure of glycosylated 

proteins are influenced by the attached glycans and aberrant glycosylation has been shown to be 

correlated to certain mammalian diseases like cancers [16]. In glycomics, the main goal is to determine 

the biological functions of glycans. The prerequisites are accurate structural information and identification 
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of sites of glycosylation. Monitoring the glycosylation site and structure of linked glycans in glycoproteins 

is important. Glycoproteins are now useful research tools in biomedical research due to their therapeutic 

response to drugs. An example is the presence of single nucleotide polymorphisms (SNP) in human  

P-glycoproteins that play an important role in drug delivery through their contribution to multidrug 

resistance. These membrane glycoproteins function as drug efflux pumps and are expressed by both 

tumor and normal cells [17]. In human P-glycoprotein, glycosylation can occur on Asn-91, Asn-94, or  

Asn-99 in the first extracellular loop resulting in as many as three unique glycans attached [18]. Over  

50 SNPs have been identified for this protein, and can result in variation in polymorphism and 

glycosylation, as are sometimes associated with tumor progression. Expression of mutants of human  

P-glycoprotein including those lacking all three glycans showed that the non-glycosylated protein 

retained its function; however, removal of the glycans reduced the level of expression of the protein at 

the cell surface [19]. Glycoproteins are also currently used as biomarkers for the detection of certain 

diseases such as carcinoembryonic antigen (CEA) [20] and prostate specific antigen (PSA) [21]. 

2.1. Complex and Heterogeneous Structure of Glycans 

The difficulty in analysis of glycans can be attributed to five reasons: (1) variable composition;  

(2) branching; (3) isomeric forms; (4) multiple glycosylation sites; and (5) presence of terminal units such 

as sialic acids [22]. These characteristics make the glycan structure complex and heterogeneous (Figure 1). 

 

Figure 1. The challenges in separation and analysis of glycans: complex and heterogeneous 

structure of glycans due to variable monosaccharide composition, branching, isomeric 

forms, multiple glycosylation sites of glycoconjugates and presence of terminal sialic acids. 



Chromatography 2015, 2 23 
 

Monosaccharide units such as mannose (Man), galactose (Gal), glucose (Glc), fucose (Fuc),  
N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine (GalNAc) build up glycans and their 
composition in glycans can be either homogeneous or heterogeneous. Unlike proteins, glycans do not 
have an organized and DNA template-driven synthesis. Glycans are synthesized by repetitive and 
overlapping reactions of different enzymes, sugar nucleotide transporters and other cellular machinery, 
therefore, branching may occur. Due to the chirality of the anomeric carbon atoms in the monosaccharide 
units, carbohydrate isomers (α and β) exist. Isomers exist also due to the variety of possible linkages 
(e.g., 12, 13, 14, 16) between sugar units. These isomers, which have the same mass, will have 
the same mass-to-charge ratio (m/z) values in MS analysis, and therefore may limit the accuracy of the 
analysis. Glycosylation may occur at more than one amino acid sequence in a peptide. Therefore, 
different glycan structures can be linked to a specific amino acid residue of the same protein. Some 
glycoproteins show the same amino acid sequence but differ with respect to the number, location, or 
sequence of attached glycans. These are called “glycoforms”. Therefore, one glycoform may have more 
heterogeneous attached glycans than the other and also attached glycans present on one glycoform may 
be absent on another. Glycans also undergo post-assembly modification and one of the most common is 
the addition of negatively charged sialic acids to terminal regions. Carboxylic acid-functional groups of 
sialic acids reduce the ionization efficiency of glycans in positive ion mode MS. Advanced strategies 
and comprehensive analysis have been reported such as three-dimensional mapping of carbohydrates [23] 
and some other techniques [24,25], but the search is still on for high-throughput and more effective and 
sensitive methods of glycan analysis. 

2.2. Approach in Glycomics 

The current approach in glycomics is the structural characterization of glycans and deglycosylated 

peptides that provide “marks” to locate the glycosylation sites. The two main challenges in glycomics 

are: (1) the complex and heterogeneous structure of glycans described above; and (2) the very low ratio 

of glycans and glycopeptides to other components in complex biological samples and glycan pools. 

Glycans that have been reductively aminated with a chromophoric group and separated by HPLC 

methods can be detected by UV or fluorescence detection [26]. Because glycans lack a chromophore in 

their native state, derivatization of reduced glycans by chromophore or fluorophore labeling is usually 

necessary prior to UV and fluorescence detection [27]. Other methods of detecting underivatized glycans 

are indirect UV detection [28] and electrochemical detection [29]. High-throughput screening of glycans 

using lectin [30] and antibody [31,32] microarrays is also an option. Labeling of glycans also allows for 

visualization of glycoprotein bands in gel electrophoresis [33]. 

There are a number of approaches to the structural characterization of glycans and identification of 

glycosylation sites for glycan sequencing and linkage analysis. NMR spectroscopy is a powerful tool to 

characterize underivatized glycans that can provide three-dimensional structures that include 

information about stereochemistry, linkage sequence and position of glycans in glycopeptides [34]. Due 

to the low natural abundance of NMR active nuclei of glycans such as 13C and 1H, acquiring adequate 

NMR spectra requires at least a microgram of sample for the case of seeking a full structural assignment 

of a trisaccharide [34]. Efforts to reduce the required amount of glycan for NMR analysis are under 

development [35]. NMR elucidation of glycan structure can be enhanced using computational methods [36] 

and x-ray crystallography together with molecular modeling [37]. 
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However, the most widely used and developed technique for the structural characterization of glycans 
is mass spectrometry (MS) analysis coupled to preparative methods such as in liquid chromatography 
(LC-MS) [38–40]. Structural elucidation based on LC-MS data such as retention or migration times, 
mass-to-charge ratio (m/z) and fragmentation spectra can provide sequence, branching and linkage 
information [41]. In a concise way, MS analysis can be described as a series of steps of ionization, 
separation and detection. The MS data plot is shown as relative abundance of detected ions versus m/z. 

Some of the modern detection methods used in MS instruments for glycomics include quadrupole ion 
trap, time of flight (TOF), oribitrap, magnetic sector, and Fourier transform ion cyclotron resonance  
(FT-ICR) [42,43]. Of these methods, the quadrupole ion trap has the disadvantage of lower mass 
accuracy (~50 ppm) than the others, of which FT-ICR and magnetic sector have the highest ~1 ppm mass 
accuracy. The orbitrap detection method has both high mass accuracy (~2 ppm) and high sensitivity [44]. 
Ion trap methods allow for the ejection of all but one selected ion that can then be subjected to further 
fragmentation thus facilitating MS/MS experiments [45]. The mass range of quadrupole ion traps of up 
to about m/z = 4000 is well suited for the peptides introduced by electrospray ionization (ESI) [46]. A 
higher m/z limit of 6000 can be achieved using the orbitrap [44]. TOF, as used in matrix-assisted laser 
desorption ionization-time of flight (MALDI-TOF) can access very high m/z values of ~200,000 [47]. 
TOF mass resolution is improved by incorporation of a reflectron [48]. Resolving power (m/Δm) is very 
high (~1 × 106) for FT-ICR detection and enables distinguishing glycans permethylated with 13CH3 from 
those permethylated with 12CH3 [49]. In comparison, the resolving power for quadrupole ion trap is  
~1 × 104 with the other noted methods falling between these two limits [44]. Earlier linear ion trap or 
triple quadrupole analyzers will have much lower mass accuracy, somewhat lower m/z range, and less 
resolving power [50] but may be suitable for less demanding applications. A limitation of linear ion 
traps, known as the “one-third rule” is the decreased stability of fragment ions with m/z less than 30% 
of the m/z value of the precursor ion selected by collision-induced dissociation during MS/MS [51,52]. 

Aside from the rapid developments in cell biology, the major contribution to the success of glycomics 
is the huge improvement in MS instruments. The sensitivity of MS was enhanced by using soft ionization 
techniques such as ESI [53] and MALDI [54]. Using these advanced ionization techniques, peptides can 
be detected at femtomolar concentration ranges while underivatized glycans need to be at picomolar 
levels to be detected [55]. These limits can be improved by some glycan derivatization techniques such 
as labeling with 2-aminobenzamide (2-AB) [56]. Permethylation or the conversion of OH groups of 
glycans to methyl ethers increases the stability of glycans by making them hydrophobic and able to 
withstand multiple rounds of MS analysis, i.e., tandem MS analysis [57]. Tandem MS (MS/MS or MSN) 
analysis can be employed for proteins to further separate a peptide into fragments [58]. For glycans, 
tandem MS analysis can resolve structural isomers [59] and large number of variations in linkage and 
branching [60]. Collision induced dissociation (CID) is commonly used to fragment precursor ions for 
the next round of MS analysis [61]. Tandem MS can be enhanced by different analyzers, such as 
quadruple ion trap [62] and Fourier transform MS (FT-MS) [63]. Nano-ESI-MS improved the detection 
limits down to attomole level with use of ion-trap MS (IT-MS) with the direct infusion of a sample 
solution [64,65]. More developments in MS instruments utilized in glycan analysis are summarized in 
several reviews [66–70]. Though the benefits of glycan analysis in using MS instruments are 
overwhelming, there are still some limitations such as non-selective ionization and fragmentation of 
peptides and degradation of the samples during the sequence of excitation, trapping and detection. The 
loss of sialic acid residues that can occur in MALDI-TOF is an example [71]. 
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The method of 18O labeling was first introduced as a means of labeling peptides by the trypsin-
catalyzed exchange of two 16O atoms for two 18O atoms in the C-terminal carboxyl group of a peptide 
produced by action of trypsin which yields a mass increase of +4 Da [72]. Deglycosylation by PNGase 
F in 18O-enriched water aids in the identification of N-linked glycosylation sites of glycoproteins by MS [73]. 
The action of PNGase F both cleaves off the glycan and converts the asparagine (Asn) to aspartic acid 
(Asp) resulting in a mass shift of 0.984 Da for the peptide. However, non-enzymatic deamidation can 
occur at an Asn that has no glycan potentially resulting in a false positive identification of a glycosylation 
site [74,75]. Such chemical deamidation may also occur at Gln sites. Enzymatic deglycosylation in the 
presence of 18O-enriched water increases the mass difference to 2.984 Da, allowing for more confident 
identification of glycosylation site and its distinction from naturally occurring deamidation. Use of the 
method requires care, as concurrent incorporation of 18O into C-termini can lead to false positive 
identifications of glycosylation sites if residual trypsin is present [76]. 

Prior to MS analysis of glycans and glycopeptides, a series of preparative and enrichment methods 
are usually necessary that may include separation, extraction, and isolation from interferences in the 
sample such as non-glycosylated proteins, reagents, enzymes and cell lysate residues. Isolation of 
glycoproteins from samples can be done by 2D-gel electrophoresis, sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) and other chromatographic separation methods. If in 
need of information about glycosylation sites and amino acid sequence of glycopeptides, enzymatic 
digestion of glycoproteins and release of glycans (deglycosylation) need to be done either through  
in-solution methods or using reactor columns. Liquid chromatography (LC) [77] and capillary 
electrophoresis (CE) [78] methods can be used in enrichment of digested glycopeptides and released 
glycans. These preparative methods reduce the complexity of the sample, increase the abundance of 
glycopeptides and glycans, minimizes ionization suppression; therefore, they are considered as the 
limiting steps of successful glycan analysis. Finally, MS data are used in a database search of protein 
sequences to identify the glycans, peptides and consequently the protein origin (Figure 2). 

 

Figure 2. General work flow in glycomics. The over-all objective is to elucidate the structure of 
glycans and identify the glycosylation sites on the glycopeptides to determine the function of the 
attached glycans. One challenge in glycomics is the very small amount of glycans in the sample 
such as serum and other biological samples, tissue and plant extracts, and cultured cells. Therefore, 
a series of efficient preparative methods and enrichment are required prior to mass 
spectrometry (MS) analysis. 
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3. Monolithic Columns 

The invention and development of monolithic column materials was the outcome of the continuous 

effort to improve methods for faster and more efficient separations, biocatalysis and related applications. 

The progress of these materials can be summarized, starting with columns packed with uniformly sized 

porous particles that appear to have large interstitial spaces. These types of columns facilitate separation 

mainly based on diffusion of solutes from a more concentrated mobile phase to the stagnant phase inside 

the pores. Fluid carrying the solute tends to flow through the void spaces not reaching most of the surface 

inside the pores. Reducing the sizes of these particles is an option to diminish the functionless voids; 

however, packing of smaller particles reduces the permeability of the column developing high back 

pressure during the separation. Finally, a sophisticated design of an integrated and continuous network 

of flow-through pores was introduced forming a “one-piece” porous material currently called a 

“monolithic column” [79–81]. Monolithic columns are known to have these distinct and advantageous 

characteristics: (1) easy fabrication; (2) versatility for a variety of surface chemistries; and (3) good 

permeability that allows fast convective mass transfer with low backpressure even at high flow rates. 

The following sections showcase the above mentioned characteristics of monolithic columns and how 

these are being utilized by recent and growing literature [82–124] in designing and developing 

preparative columns for glycan analysis. 

3.1. Monolithic Columns Can Easily Be Prepared In-Situ 

Though the preparation of a monolithic column is usually a trial-and-error procedure, the optimized 

prepared columns are relatively reproducible compared to packed columns. The common preparation is 

direct copolymerization, which is a very straightforward and convenient approach. This usually involves 

one-step copolymerization of monomers, cross-linker, porogenic solvents and initiator in a column. 

Monolithic columns have been classified based on the precursor materials used in their fabrication: 

organic polymers, inorganic silica and hybrids of the two. Organic polymer-based and silica-based 

monoliths were characterized as to differences in morphology; therefore usually they are involved in 

exclusive functions. While the higher surface area of bimodal pore structure of silica-based monoliths 

showed good performance in separation of small molecules, the interconnected microglobules structure 

of organic polymer-based monoliths is usually reported to provide good separations of large molecules 

like proteins, nucleic acids and synthetic polymers (Figure 3). Silica-based monoliths show more rigidity 

and mechanical stability to organic solvents and have higher surface area for immobilization of ligands. 

Organic polymer-based monoliths, on the other hand, such as those made of polymethacrylate, 

polyacrylamide and polystyrene have good biocompatibility and excellent stability over a wide range of pH. 

In 1989, Hjertén et al. introduced the use of continuous polymer beds in high performance liquid 

chromatography [81]. Tennikova et al. designed and prepared the organic polymer-based monolithic 

column in 1991 [79]. The polymerization mixture is usually sealed into a microcolumn, allowed to 

polymerize by exposure to UV light or by keeping at a certain temperature followed by flushing out 

excess reagents and solvents [125]. The silica-based monolithic column was introduced by Tanaka et al. 

in 1996 [126]. These columns were prepared by the sol-gel method, i.e., hydrolysis and polycondensation 

of alkoxysilanes catalyzed by an acid in the presence of a porogenic solvent [127]. Hybrid monoliths 
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combined silica and organic polymer monoliths via either sol-gel [128] or a one-pot process [129]. A 

one-pot process is the simultaneous use of organic monomers and alkoxysilanes. Other inorganic 

monoliths complete the list of monolithic materials for separations [3]. Carbon-based monolithic 

columns with a highly interconnected bimodal porous structure were developed and used in HPLC 

separation with low hydraulic resistance [130]. Our laboratory is currently developing nanoporous gold 

monoliths as substrates in protein separation by modifying its surface with thiolated compounds forming 

self-assembled monolayers [131,132]. There are now commercially available monolithic separation 

columns such as silica-based Chromolith® HPLC columns [133] and styrene polymer-based ProSwift™ 

reverse-phase (RP) columns [134]. Several reviews have summarized materials used in preparation of 

monolithic columns in various applications [135–138] and the properties of monolithic materials and 

surface modifications [139–141]. 

 

Figure 3. Scanning electron micrographs of the cross-section of monoliths. (A) Organic 

polymer-based monolith has interconnected microglobule structure mostly used in 

separation of large molecules such as proteins, nucleic acids and synthetic polymers 

(magnification: ×1000, ×2000, ×5000, from left to right, respectively). Reprinted with 

permission from reference [142]. (B) Hybrid silica-based monolith has bimodal pore 

structure mostly used in separation of small molecules (magnification: ×600, ×3000, 

×10000, from left to right, respectively). Reprinted with permission from reference [143]. 

The majority of the reported monolithic columns for separation and analysis of glycans are organic 

polymer-based [82–87,89,90,92–95,97–104,107–112,114,115,118–121,123,144–146]. This may be due 

to the straightforward approach in the preparation and the availability of a variety of functional 

monomers to obtain desired functionality of the surface. Methacrylate-based glycidyl methacrylate 

(GMA) is the most commonly used co-monomer [147]. The reactive epoxy group of GMA allows easy 

post-modification by various reagents. Ethylene dimethacrylate (EDMA) is a popular cross-linker due 
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to its ability to produce rigid macroporous polymers. The desired morphology of a monolith is obtained 

by varying the composition and reaction conditions such as temperature and reaction time. For example, 

the porous structure of polymeric monoliths are greatly influenced by the properties of the porogenic 

solvents and their proportion to the monomers [136]. 

Monolithic materials are contributing a big leap in the advancement of column technology, 

particularly in designing miniaturized columns for the separation of samples available in small amount 

and those species present only at trace levels. In situ direct synthesis allows preparation of monolithic 

materials within capillaries and very narrow channels of microfluidic devices [148]. This provides a 

lower mass limit of detection that could enhance the sensitivity of the analysis. In recent years, 

monolithic columns and stationary phases are involved in microscale chromatographic separation such 

as capillary liquid chromatography (CLC), capillary electrochromatography (CEC), and microfluidic 

devices [149]. Fused silica capillaries with inner diameter that ranges from 75 µm to 530 µm were the 

most commonly used packing material in these monolithic columns [82–85,87–94,96,98,99,102–105, 

107–110,114,115,117–120,123,144]. Other types such as stainless steel tube [95,111,121], poly(ether-

ether-ketone) (PEEK) column [146], pipette tips [100,101] and syringe [106] have also been reported. 

3.2. Monolithic Columns Are Versatile to a Variety of Available Surface Modifications 

Monolithic materials become versatile and selective in separations and other related applications 

because of the wide range of surface modifications they can undergo. Monolithic materials are used as 

stationary phases in several chromatographic processes in different modes such as reverse phase 

(RP)/hydrophobic, normal phase (NP)/neutral polar/hydrophilic, ion-exchange, affinity, and size 

exclusion. The two common modification methods of monolithic columns are direct copolymerization 

and post-modification. Direct copolymerization is the method wherein the desired functional group-

carrier monomer is added during the fabrication steps. However in this method, there are cases such that 

functional groups are not fully accessible and end up being buried after the polymerization. Post-

modification, on the other hand, utilizes active sites in the polymerized parent monolith such as epoxides 

of an organic polymer GMA-based monolith and the siloxane of silica-based materials. However in this 

method, the amount of active sites in the parent monoliths may limit the effectiveness of the post-

modified monolith. Also, there is a tendency to create a mixed mode of the matrix that may produce 

secondary interactions that can interfere in efficient separations [140]. 

In preparation of preparative columns for analysis of glycans, various direct and post modifications 

of surfaces were also employed. A popular direct modification method was incorporation of functional 

monomers or compounds in the polymerization mixture to achieve desired functionality of the matrix. 

Examples include alkyl compounds [87], ([2-(methacryloyloxy)ethyl]trimethyl-ammonium chloride 

(MAETA) [120], and 4-vinylphenylboronic acid (VPBA) [102,103,144] to provide hydrophobic, 

cationic and boronic acid functionality, respectively. Metal-organic gels (MOGs), FeIII-BTC gels, were 

also added to the polymerization mixture to produce positively charged monoliths [111]. An example of 

post-modification was photografting of hydrophilic polymer poly(ethyleneglycol) methacrylate 

(PEGMA) to reduce the hydrophobicity of the monolith [82]. To create affinity mode, lectins were 

immobilized on the surface in various ways such as covalent binding of amine residues to aldehyde-

functionalized surfaces [84,98,115,117,119–121], chelation to (IDA-Cu2+) modified surfaces [99] and a 
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molecular imprinting method using a polydopamine coating [112]. Coating a monolith surface with 

nanoparticles provides a high loading of functional groups, fixing the problem of limited active sites 

described above. Monoliths were coated with 20 nm gold nanoparticles and further functionalized with 

the linker 3,3'-dithiodipropionic acid di(N-hydroxysuccinimide ester) (DTSP) to immobilize lectin [100]. 

Amine functionalized-latex beads (60 nm) coated monoliths were used in micro anion-exchange 

chromatography [97]. 

3.3. Monolithic Columns Have High Permeability and Provide Excellent Mass Transfer with Low 

Backpressure 

A monolithic column provides high permeability with no interstitial voids or unwanted channels. 

These characteristics minimize the inconsistencies in column-to-column chromatographic separations. 

The continuous structure of monolithic materials forces mobile phases to go through the pores enhancing 

the mass transfer due to convective interaction through the pores rather than diffusion of analytes into 

pores. Packed columns use frits to hold the particulate beads in the columns. Monolithic columns, being 

polymerized in situ, need no frits and therefore avoid clogging by sample contaminants [150]. The use 

of fritless columns can also help overcome problems with gas bubble formation, known to be an issue 

in CEC and able to disrupt electro-osmotic flow (EOF) [151]. Frit formation does not have good 

reproducibility, and the process of frit formation can render columns fragile and generate voids in the 

packed bed [152]. Frits also pose special problems for CEC coupled with MS detection, since the end of 

the capillary exposed to the nebulizer cannot be pressurized [153]. In preparative analytical methods like 

separation, monolithic columns enhance the convective mass transfer with a reduced diffusion effect 

resulting to faster and more efficient separations [154]. In solid-phase synthesis and in designing enzyme 

reactors, monolithic platforms offer greater loading capacity and more accessible immobilized enzymes 

on the surface. 

4. Development of Monolithic Column Materials Used in Glycan Release, Separation and 
Analysis of Glycans 

The following discussion will focus on reports of research that developed monolithic stationary 

phases and matrices, which include microcolumns, capillaries and narrow channels in digestion and 

deglycosylation of glycoproteins and glycopeptides; and in separation, isolation and enrichment of 

glycans, glycopeptides and glycoproteins. 

4.1. Monolithic Reactor Columns in Digestion of Glycoproteins and Deglycosylation of Glycopeptides 

Glycoproteins, due to their relative low efficiency of ionization and fragmentation like all other 
proteins, usually need to be digested into smaller peptides prior to MS analysis. Furthermore, release of 
glycans from digested peptides is also necessary if glycosylation sites are sought in the analysis. Peptide 
digestion is mostly done by enzymatic digestion using proteases like trypsin. For procedures in 
proteomics aimed at identification of protein, deglycosylation prior to trypsin digestion can increase the 
confidence of protein identification, and increase MS signal intensities. However in glycoproteomics, 
deglycosylation prior to protease digestion can improve the quality of proteome analysis [155]. Release 
of glycans from peptides uses endoglycosidases such as peptide N-glycosidase F (PNGase F). PNGase 
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F hydrolyzes and cleaves the linkage between asparagines and N-acetylglucosamine liberating  
N-glycans from the peptides and resulting in conversion of the asparagine to aspartic acid by 
deamidation [156]. PNGase F will not remove glycans containing α (1-3)-linked core fucose [157]. The 
conventional enzymatic in-solution digestion and deglycosylation takes several hours or even overnight 
to complete the process. This is because a low concentration of trypsin should be maintained to avoid 
autolysis that produces digests of the enzymes that affect the purity of the sample, and so the efficiency 
of the process. An efficient and alternative method is to immobilize trypsin on a solid support to create 
flow-through reactors that can speed up the process. In addition to flow-through reactors, it is also 
possible for flow of protein solution to be paused in a reactor to allow for digestion with the flow then 
resumed [158,159]. Autolysis is minimized when the enzymes are immobilized in enzyme reactors [142]. 
High density enzyme immobilized to these reactors increases the enzyme-to-substrate ratio, therefore 
capable even with samples of low concentration [160–162]. Moreover, enzymes like PNGase F are 
expensive such that the use of solid support could be relatively economical. Immobilization of trypsin 
into beads and channels of microfluidic devices [163] and capillaries [164] were reported. Monolithic 
enzyme reactors can be coupled to MS and separation columns, an opportunity for automated,  
on-line multidimensional systems. Monolithic enzyme reactors that showed enhanced enzyme activity,  
i.e., faster, higher loading density of enzymes and economical were showcased in recent research works 
(Table 1). Reactors that showed poor performance due to slow enzymatic reactions and low density of 
immobilized enzymes were aided by optimized immobilization conditions and addition of organic 
solvent, e.g., acetonitrile (ACN) in buffer to prevent non-specific adsorption. Enzyme immobilization is 
greatly influenced by the protein dynamics and substrate accessibility. Digestion efficiency, which is 
maximized when trypsin acts on all of the available cleavage sites, can be enhanced by denaturation of 
the target protein by use of aqueous-organic solvent systems containing methanol, isopropanol or ACN. 
Such enhanced digestion efficiency can improve sequence coverage [164,165]. 

Monolithic capillary enzyme reactors with immobilized trypsin showed highly efficient digestion of 
both the small protein cytochrome c (cyt c) and the large protein human immunoglobulin G (hIgG). The 
most significant advantage of this reactor was the efficient digestion even of high-molecular weight 
hIgG, which was digested within four min at room temperature. This was much faster compared to a 24 h, 
37 °C in-solution method. The monolithic reactors maintained their activity for at least 80 h while being 
kept in a refrigerator for six months [82]. The same monolithic capillary was further used to immobilize 
PNGase F that was able to deglycosylate RNase B 400× faster than in-solution at room temperature. The 
monolithic reactor was operational for a total of 40 h over two months [83]. Likewise, in another study, 
a PNGase F monolithic microreactor was able to deglycosylate glycoproteins within only six min with 
a loading capacity of 2 pmol [84]. Small-scale deglycosylation of small to medium sized glycoproteins 
was done using a microreactor that was able to remove N-glycans at submicrogram level in a much 
shorter reaction time of 3.5 min compared to 18 h incubation in solution and was still good to use for up 
to eight weeks [85]. One study enhanced the efficiency of the monolithic microreactor by oriented 
immobilization of PNGase F (PNGase F-GST) to glutathione-functionalized surfaces via site-specific 
GSH-GST binding. Using this monolithic reactor, complete deglycosylation of 2.5 mg mL−1 RNase B 
was achieved in 15 s, much faster than the one prepared with non-specific immobilization of enzyme, 
which lasted for minutes. The improvement was suggested as due to permeability of the monolithic 
support that enhanced the speed [86]. 
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Table 1. Monolithic enzyme reactor columns used in digestion and deglycosylation of glycoproteins and glycopeptides. 

Column Immobilization 
Method 

Application Amount of Enzyme Used * Reaction Time and 
Temperature 

Stability Ref. 

In-solution Monolithic 
reactor 

In-solution Monolithic 
reactor 

Trypsin reactor 
 
LysC reactor 

Via grafted vinyl 
azlactone (VAL) 

Digestion of hIgG 
 
 
Digestion of hIgG 

Substrate-to-
enzyme ratio of 
50:1 (w/w) with 
1.25 mg/mL protein 

2.5 mg/mL 
 
 

0.5 mg/mL 

24 h; 
37 °C 

 
24 h; 
37 °C 

4 min; 
22 °C 

 
6.2 min; 

22 °C 

6 months [82] 

PNGase F 
reactor 

Via grafted vinyl 
azlactone (VAL) 

Deglycosylation of 
hIgG integrated  
on-line with HILIC 
mode separation and 
ESI-MS 

0.5 µL 0.1 µL/min 
for 2.5 h 

24 h; 
37 °C 

5.5 min; 
room 

temperature 
(RT) 

2 months [83] 

PNGase F 
reactor 

Via aldehydes 
(oxidized 
epoxides) 

Simultaneous on-line 
release and analysis 
of acidic and neutral 
N-glycans from  
0.1 µL human serum 

NS ** NS ** Overnight; 
37 °C 

few min; RT NS ** [84] 

PNGase F 
micro-reactor 

Via direct  
co-polymerization 

Small scale 
deglycosylation of 
N-linked 
glycoproteins  

5 µL of 1 mg/mL 1 µL of  
1 mg/mL  

10 h; 37 °C 3.5 min; 
21–23 °C 

8 weeks [85] 

PNGase F 
reactor  

Oriented 
immobilization via 
site-specific  
GSH-GST binding 

More efficient 
deglycosylation of 
hIgG 

1 mg/mL *** 1 mg/mL 2 h;  
37 °C *** 

15 s; RT 5 months [86] 

* Amount of enzyme used as mentioned in methods of the cited literature (concentration of enzyme is that of the prepared enzyme solution to which the monolith was 

exposed during preparation; volume of enzyme is that of the prepared enzyme solution used with a certain activity. ** Not specified. *** Enzyme was also immobilized in 

monolithic reactor but not in an oriented manner as described.
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PNGase F is a significantly more expensive enzyme than unmodified trypsin. Whereas 100 mg of 

lyophilized trypsin from bovine pancreas costs <$50, a sample in buffer of just 50 units of activity of 

PNGase F (one unit is defined as catalyzing the release of N-linked glycans from 1 nanomole of 

denatured ribonuclease B in one minute at 37 °C and pH 7.5, as monitored by SDS-PAGE.) costs about 

5X this amount. For use of PNGase F supplied in buffer (10,000 units mL−1), a typical protocol calls for 

combining 50 μg of protein with 2 μL PNGase F solution (20 units of activity) at 37 °C for 1–3 h under 

denaturing conditions, or 20 μg of protein with this amount under non-denaturing conditions for 2–18 h. 

In solution, trypsin to protein ratios between 1:20 and 1:100 are typically used. To minimize autolysis 

in solution, modified trypsin, subjected to reductive methylation, may be preferred, and is significantly 

more costly than unmodified trypsin [166]. In the preparation of the trypsin reactor introduced by Palm 

and Novotny [161], 1 μL of a 20 μg mL−1 solution of trypsin in buffer (20 μg of enzyme) was used to 

prepare a reactor 6 cm in length. For preparation of a PNGase F reactor of the same length using a similar 

procedure by this group, 1–4 μL of a solution of ca. 1 μg mL−1 enzyme in buffer was required (1–4 μg 

of enzyme, 25–100 units of activity) [161]. As noted in Table 1, immobilized enzyme reactors have 

finite lifetimes typically in a range of 2–6 months. While impressive increases in sample digestion or 

deglycosylation rate have been achieved, immobilized enzyme reactors may suffer from challenges 

including non-specific protein adsorption and a need to continue to improve their repeatability and 

robustness [167]. Minimization of non-specific adsorption by use of more hydrophilic supports can 

enhance recovery of digested peptides providing more sample for analysis. 

Deglycosylation of N-glycosylation sites by action of PNGase F in the presence of 18O-enriched water 

does not seem to have yet been reported using an immobilized PNGase F reactor. This could be achieved 

by placing a trypsin reactor in sequence with a PNGase F reactor, provided that issues with transferring 

the glycopeptides produced by the trypsin reactor into 18O-enriched water prior to introduction into the 

PNGase F reactor could be resolved. The use of 18O-enriched water in the trypsin reactor would lead to 

the complication of 18O labeling of C-termini. A disadvantage would be the increased cost of using  
18O-enrich water. Recently, an integrated strategy of lectin affinity separation, followed by passage 

through immobilized trypsin, quenching of residual trypsin, and PNGase F catalyzed 18O labeling was 

introduced [168]. In this case, 18O labeling of the C-termini (4 Da shift) was done in addition to 18O 

labeling of the glycosylation site (to give a total 6 Da shift). Equal amounts of labeled and unlabeled 

glycopeptides were then subjected to LC-ESI-MS/MS analysis. This approach suggests that the presence 

of 18O-enriched water in both reactors may be suitable for producing the labeled samples. Efficient and 

stable trypsin immobilization to avoid the issue of residual trypsin contamination would be required. 

The significance of monolithic columns was initially showcased in separation and biocatalysis by 

Svec and Frechet in 1996 [141]. Monolith pore sizes most usually fall in the IUPAC categories of 

mesoporous (pore size = 2–50 nm) and macroporous (pore size > 50 nm), and both types of pores may 

be present. The porous structure provides rapid convectional mass transport with lower backpressure. In 

a tight sealed column, backpressure can be defined as the opposing force to the flow. This characteristic 

makes monolithic columns new generation media for faster and more efficient separations. 
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4.2. Monolithic Columns in Separation and Enrichment of Glycoproteins, Glycopeptides and Glycans 

Separation of glycans and glycoproteins can be either a pump-driven liquid chromatography (LC) or 

an electric field-driven electrophoresis (CE). LC separation is due to the difference in the extent of 

interactions of the solutes in the mobile phase with the functionalized stationary phase. Pore structure 

and sizes greatly affect the LC flow. Unlike LC, CEC is independent of channel or pore diameter and 

the separation is due to the difference in mass-to-charge ratio (m/z) of the solutes upon passing high 

voltage across the matrix. Combining the chromatographic flow of LC and mobile phase migration mode 

of CE resulted to an efficient method called capillary electrochromatography (CEC). High column 

efficiency at faster velocity separation of glycans was achieved in CEC using monolithic columns. For 

example, CEC separation with polar stationary phase and use of ion trap MS can resolve glycan isomers, 

one of the most challenging goals in analysis of glycan structure because they usually give identical or 

very similar MS spectra. 

The mobile phase should give an appropriate environment to the analyte by tuning its pH, ionic 

strength, organic solvent content and presence of analyte modifiers. This complements the functionality 

of the stationary phase that dictates the mode of separation. Different modes of separation of glycans 

can be characterized by different interactions between the bound ligands on the surface and the glycans. 

These include: (1) interactions between hydrophobic surface and hydrophobic labels of derivatized 

glycans; (2) H-bonding between the neutral polar surface and OH groups of glycans; (3) electrostatic 

interactions between charged (cationic) surface and negatively charged ionized glycans; anionic terminal 

sialic acids or labels of derivatized glycans; and (4) affinity between immobilized lectins and its 

complementary glycan structure or between boronic acids on the surface and cis-diols of glycans (Figure 4). 

4.2.1. Reverse-Phase Mode 

Reverse-phase separation (RP-LC) uses a hydrophobic stationary phase and a polar mobile phase to 

separate biomolecules by the differences in the extent of hydrophobic interactions between the 

biomolecules and the stationary phase, thus the more hydrophilic molecules are eluted first in this 

method. Unless they are derivatized, neutral glycans are retained very weakly on the commonly used 

C18 stationary phase [77]. Some of the small molecular tags for modification of carbohydrates are  

2-aminobenzamide (2-AB), 2-aminopyridine (2-AP), and 2-aminobenzoic acid (2-AA), amongst many 

others designed to enhance separation or increase the signal for fluorescence detection [169]. Labeling 

with 2-AP was first introduced by Hase in 1978 [170,171]. Permethylation of glycans can also be used 

to enable separation by RP-LC [172]. Labeling provides the hydrophobic interactions needed for 

retention and separation by the reversed phase column, and also a chromophore for enabling detection. 

If the hydrophobic tag is too large, then differences between glycan structures may not be resolved [173]. 

These methods are most typically applied to glycan pools released from one or more glycoproteins. 

Methods for derivatizing glycans for separation and analysis have been reviewed [26,169]. A potential 

advantage of RP-LC is that the solvent used (water + organic solvent + acid) is compatible with mass 

spectrometry analysis [174]. 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS) can be used a label for 

charged glycans in a method known as reversed-phase ion-pairing liquid chromatography [175]. Some 

glycans that co-elute in normal phase LC can be separated by RP-LC after derivatization [176]. As an 
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alternate to standard RP-LC stationary phases, a hydrophobic polyacrylamide/PEG monolithic column 

modified with alkyl chains was prepared for RP-CEC separation of 2-AB labeled maltooligosaccharides 

at lower pH (<4.0) with detection by laser-induced fluorescence [87]. 

 

Figure 4. Different modes of separation using functionalized monolithic columns. Hydrophobic 

mode with C18 ligands that interact with hydrophobic labels of modified sugar units; polar 

mode with hydroxyl, cyano or amino ligands that interact with the OH groups of glycans; 

electrostatic mode with charged ligands that either attract or repel negatively charged 

terminal sialic acids, deprotonated glycans at high pH and charged residues of glycopeptides 

and glycoproteins; affinity modes with immobilized lectins that specifically bind to glycan 

structures of glycoproteins via non-covalent interactions and boronic acids that covalently 

form cyclic esters with the cis-diol moieties of glycans. 

4.2.2. Polar Mode 

The mechanism of polar mode separations involves H-bonding and dipole-dipole interactions 

between polar stationary phase and OH groups of neutral glycans. In contrast to reverse-phase mode, the 

mobile phase is less polar than the stationary phase. Therefore, less polar glycans are eluted first and 

separation is achieved based on differences in glycan hydrophilicity. It is possible with this method to 

analyze neutral and charged glycans together [177]. Polar mode is also referred to as normal phase mode. 

One popular example of polar mode is the zwitterionic-hydrophilic interaction liquid chromatography 

(ZIC-HILIC or simply HILIC) [178]. Polar stationary phases may contain amino-, cyano-, amido-, or 

diol- functional groups. These are suitable for CEC separations, because with the right mobile phase, 

they provide a charged matrix that creates electro-osmotic flow (EOF) [179]. The mobile phase significantly 

affects the quality of separation in polar mode [180]. Ionic strength and pH of the mobile phase can be 
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controlled by addition of ionic additives such as ammonium formate and ammonium acetate [181]. 

Added salts increase the polarity of the mobile phase and affect the separation [182]. The ionic strength 

and pH will have a more significant effect on the separation of sialylated glycans than on neutral glycans. 

The salts used in normal phase mode are volatile and compatible with MS analysis. Likewise, addition 

of organic solvent, e.g., ACN increases the retention of neutral glycans on HILIC columns [183]. Organic 

solvent also suppresses the secondary hydrophobic effect of the monolithic backbone. However, organic 

solvents may cause denaturation of proteins and could lead to precipitation and clogging of the column. 

A hydrophilic silica monolithic column with OH functional groups was used in CEC separations of 

glycans. Using test molecules, the selectivity was found to be dependent on the position of the hydroxyl 

groups, i.e., ortho-substituted phenol had stronger interaction than para-substituted. In testing 

maltooligosaccharides, as the number of glucose units was increased, the retention of the analyte 

increased due to more solute polar sites. Increasing the ACN content of the mobile phase increased the 

selectivity of the polar stationary phase and was able to discriminate a solute pair that differed only in 

the orientation of their hydroxyl groups at the C4 position called epimers, e.g., βGal and βGlc. The OH 

group at C4 position in the Gal residue had less interaction with the stationary phase than the OH group 

at C4 position in the Glc residue. The resolution was able to increase further by increasing the ACN 

content [88]. 

The diol functionality of a neutral/polar monolithic column was used in nano-LC separation of 2-AB 

derivatized N-glycans released from ovalbumin (Ova) and α1-acid-glycoprotein (AGP). Hybrid and 

complex N-glycans of Ova differ in the number of polar sites. N-glycans of AGP, on the other hand, 

differ in the number sialic acids. Polarity of glycans increases with the degree of sialylation. Separation 

of these 2-AB derivatized N-glycans was enhanced with the addition of a small amount of sulfated  

β-cyclodextrin (β-CD) as a modifier. Addition of sulfated β-CD in the mobile phase increased the 

retention of 2-AB glycans due to inclusion complex formation between the β-CD and 2-AB on the 

glycans. The β-CD cavity is hydrophobic and sterically well-defined in nature, thus the nature of the 

glycan controls the extent of its complexation with 2-AB [184]. Addition of ACN enhanced the 

separation. CEC separation of sialylated N-glycans of AGP required lower amounts of ACN due to the 

negatively charged sialic acids that can accommodate fast separations [89]. 

An amino-functionalized polar polyacrylamide-based monolithic column was used to separate 

enzymatically cleaved 2-AB derivatized glycan residues of RNase B. Similarly, the retention was longer 

for glycans with more glucose units and the longer retention time was influenced by the amount of 

organic solvent in the mobile phase. However, due to poor mechanical stability, the column is limited 

only to CEC or low-pressure chromatography [90]. A hydrophilic monolithic silica capillary column 

with amino functional group was used in HILIC-ESI-MS/MS separation and highly sensitive detection 

of underivatized carbohydrates. The monolithic column provided three times faster separation when 

compared to particle-packed HILIC columns. The combination of the high efficiency HILIC mode of 

the prepared column and the sensitivity of ESI-MS/MS detection gave high sensitivity (LOD = 3.2 ng mL−1, 

attomol level) in separation and identification of non-reducing underivatized saccharides. This approach 

was able to identify highly polar components of 50 nL plant extract samples [91]. 

A hydrophilic cyano-functionalized polar monolithic column was used to effectively separate a mixture 

of neutral glycans based on the number of hydroxyl groups and their orientation. Maltose, a reducing 

disaccharide eluted later than monosaccharides, and showed two peaks due to its anomericity (α and β) 
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due to mutarotation (Figure 5). The monolithic column was inserted into the nanospray needle of and 

coupled to ESI-ion trap MS. The set-up was capable to detect as low as femtomole concentration of 

neutral saccharides. An enhanced resolution was further obtained by using a higher content of organic 

solvent in the mobile phase [92]. 

 

Figure 5. Electrochromatogram of a mixture of neutral and underivatized mono- and 

disaccharides that were capillary electrochromatography (CEC) separated using cyano-

modified polar monolithic column. Reprinted with permission from reference [92]. 

Combination of advancement in MS analysis and polar mode CEC separation enhanced the capability 

of glycan analysis. For example, polar mode CEC separation coupled to ESI-MS/MS with the use of 

quadruple ion trap was used for on-line separation and analysis of isomeric oligosaccharides [93]. CEC 

coupled to electrospray Fourier transform MS (FT-MS) was utilized to resolve the complexity of large 

O-linked oligosaccharides derived from mucin and bile salt-stimulated lipase (BSSL) [94]. 

4.2.3. Electrostatic Mode 

In the electrostatic mode of separation, retention is affected by the balance between the electrostatic 

attraction and repulsion between the solute and the matrix. The pH of the mobile phase influences the 

separation as it can modify the charge of the glycoproteins based on their isoelectric points (pI). Glycans 

are weak acids and are deprotonated at very high pH (>12) and become negatively-charged. 

Hydrophilic monolithic column with diol OH groups was used to separate IgG from human plasma 

samples. Lowering the pH of the mobile phase increased the electrostatic interaction (IgG pI = 6.85–8.5). 

IgG could be adsorbed on the monolithic column at a low KH2PO4 concentration and could be eluted 

with K2HPO4 [95]. A polymeric tris(2,3-epoxypropyl) isocyanurate and tri(2-aminoethyl)amine 

(poly(TEPIC-co-TAEA)) monolithic capillary was post-modified with ammonia solution to produce a 

mixture of OH (hydrophilic) and amino (cationic) functional groups that was used to separate glycoprotein 
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isoforms at high resolution. Distinct protein isoforms were differentiated by the differences in pI values 

particularly at slightly higher pH [96]. Other work used an amine-functionalized polymeric monolithic 

column for high-performance anion-exchange chromatographic separation of underivatized carbohydrates 

at high pH with pulsed amperometric detection. The interaction was due to the weakly acidic nature of 

carbohydrates [97]. 

4.2.4. Affinity Mode 

Affinity separation can be described by reversible interactions between matrix-bound ligands and 

specific sites of the glycans and glycoprotein. Purified glycan or glycoprotein is recovered from the 

matrix by rinsing with competitive ligands of higher affinity or alteration of the buffer system,  

i.e., change in pH, ionic strength, or dwell time. 

4.2.4.1. Lectin Affinity 

Lectins are proteins that have conserved binding domains to selectively bind different glycans via 
non-covalent interactions such as H-bonding, electrostatic and van der Waals interactions. Depending 
on the pH of the solvent buffer, lectins can be dimeric or tetrameric, therefore they can exhibit 
multivalent binding with glycans. Lectins can be extracted and purified from plant or animal sources.  
In vitro, lectins are used in cell differentiation by probing the glycans on the surface of the cells being 
cultured or those that are present in the sectioned tissues of an organ of interest. Lectins, when 
immobilized to a solid support can maintain their biological properties such as binding to glycans [185]. 
Monosaccharides or hapten sugars can reverse the lectin-carbohydrate interactions and facilitate elution 
(Table 2). The specificity of lectins also leads to a need for use of multiple lectins in order to achieve 
more comprehensive glycoprotein/glycan analysis, as has been done using multi-lectin affinity columns. 
The stability of the lectin must be maintained in order for it to remain effective, and use of some less 
common lectins can become expensive. The buffer or pH conditions suitable for binding can vary 
substantially between specific lectins, for example binding by Concanavalin A (Con A) requires the 
presence of Ca2+ and Mn2+ ions. On the other hand, the specificity of lectins can be used to capture and 
analyze a targeted group of glycoproteins such as those rich in terminal sialic acids. 

Lectin affinity carried out in two steps, first to capture glycoproteins to a specific lectin and then to 
capture the digested glycopeptides, has been combined with in silico database analysis of the peptide 
sequences to simultaneously identify glycosylation sites and glycoprotein genes. This ‘glyco-catch’ 
method was applied using Con A and galectin LEC-6 to capture high mannose and complex glycans 
secreted by C. elegans [24]. WGA lectin affinity, for example, was used to enrich glycoproteins in serum 
samples and then gel electrophoresis and MS analysis was used to identify 39 differentially expressed 
proteins and suggested as possible biomarkers in lung cancer development and progression. WGA was 
found to capture more glycoproteins from the serum samples than six other lectins that were tested [186]. 
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Table 2. Lectins immobilized in monolithic columns and used in affinity-based 

chromatographic separation of glycoproteins. 

Lectin Haptenic sugar Glycoproteins that binds to lectin Ref. 
Concanavalin A  
(Con A) 

Methyl-α-D-
mannopyranoside 
(Me-α-D-Man) 

Ribonuclease B (RNase B) [98,101] 

Ovalbumin (Ova) [101,120] 

Transferrin [117] 

Horseradish peroxidase (HRP) [120] 

Wheat germ agglutinin 
(WGA) 

N-Acetyl-D-
glucosamine (GlcNAc) 

α1-acid glycoprotein (AGP) [117,119] 

κ-Casein [117] 

Fetuin [119] 

Lens culinaris 
agglutinin (LCA) 
 

Methyl-α-D-
mannopyranoside 
(Me-α-D-Man) 

Glucose oxidase (GOX) [146] 

Lipoxidase [119] 
 Human transferrin (HT) 

α1-acid glycoprotein (AGP) 

Avidin 

Collagen 

Erythrina cristagalli 
lectin (ECL) 

Galactose 
 

Desiaylated transferrin [100] 
 Desiaylated thyroglobulin 

Sambucus Nigra lectin 
(SNA) 

Sialic acid Fetuin [124] 

Oruscomucoid 

The immobilization of lectins on monolithic support was mostly done by covalent binding of amines 

on lysine residues to aldehyde-functionalized surfaces. An example was Con A lectin immobilized to a 

polymeric (GMA/EDMA) monolithic column capillary. GMA as mentioned above has epoxides that can 

be further oxidized to form aldehydes. This monolith was used as a nanospray emitter in ESI-MS/MS 

analysis of trypsin digest of RNase B. The combined enrichment with high selectivity of lectin affinity 

chromatography (LAC) and the sensitivity of nanoelectrospray tandem MS detection allowed identification 

of five glycoforms that was not attained without the enrichment process [98]. In other approach, Con A 

was immobilized by chelating it to Cu(II), then sandwiching it to IDA-derivatized monolith 

(EDMA:GMA-IDA-Cu(II)-Con A). This nanoscale Con A monolithic capillary utilized as little as 20 µL 

of biological urine sample to be analyzed by nano-RPLC-ESI-MS. In comparison with conventional 

covalently immobilized Con A, it showed double the number of unique N-glycoproteins identified in 

human urine samples (37 out of 45 vs. 13 out of 16) using an IDA:Cu(II):Con A sandwich structure [99]. 

Another reported method of immobilization of ECL lectin was by coating the polymer with 20 nm 

gold nanoparticles functionalized by di(N-hydroxysuccinimide ester) (DTSP) linker and fabricated in a 

pipette tip. This was used as an extraction device to enrich galactosylated protein (desialyated 

transferrin) against RNase B [100]. Con A in another work was immobilized in a hydrophilic monolith 

prepared in 96 spin-tips and used to separate glycoproteins. This was proposed to be a straightforward, 

water-based, one-step approach that can be used in an up-scale process to economically efficient high 

volume columns [101] (see Table 3). 
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Table 3. Summary of research works that use monolithic materials with different modes in separation, enrichment and analysis of glycans, 

glycoproteins and glycopeptides. 

Type of Flow Functional 
Ligand 

Elution Method 
(isoc. elu. = isocratic elution;
grad. elu. = gradient elution) 

Applications Detection 
Method 

Year & 
Ref. 

Reverse-phase mode 
CEC Alkyl 

ligands 
isoc. elu. 
5% ACN 

Separation of 2-AB derivatized maltooligosaccharides  
(Glc4–Glc10) 

Laser-induced 
fluorescence 
detection 

1997 
[87] 

Polar mode 
CEC –OH isoc. elu. pH 4.5 

95% ACN  
Separation of nitrophenyl (ortho- or para-) derivatives of 
mono- and oligosaccharides (βGal and βGlc; βGalNAc and 
βGlcNAc) 

UV detector 
(304 nm) 

2003 
[88] 

CEC and LC –OH isoc. elu. pH 6.0 
75% or 65% ACN 
+ 1 mM sulfated β-CD 

Profiling of 2AB-derivatized N-glycans derived from Ova 
and AGP 

UV detector 
(210 nm) 

2009 
[89] 

CEC –NH2 isoc. elu. 
60% ACN 

Separation and analysis of 2-AB derivatized glycans of 
RNase B  

MALDI-TOF 
MS 

2006 
[90] 

LC –NH2 grad. elu. pH 5.5 
90%–60% ACN 

Separation of underivatized sugars (glucose, maltose, 
maltotriose, maltotetraose, maltopentaose, maltohexaose, 
maltoheptaose) 
 
Sensitive detection of highly polar components (sucrose, 
trehalose, maltose and some unknowns) of low volume (50 nL) 
sample extracts (corn, soybean, Arabidopsis thaliana leaf) 

ESI-MS 
 
 
 
ESI-MS/MS 

2008 
[91] 

CEC –CN isoc. elu. pH 3.0 
(a) 95% or (b) 80% ACN 

Separation of femtomole concentration of sugars as alditols: 
(a) Monosaccharide alditols: fucitol, ribitol, xylitol,  

N-acetylglucosaminitol, glucitol, and mannitol 
(b) Disaccharide alditols: maltitol, cellobitol, lactitol, 

and melibitol 

ESI-ion trap 
MS 

2002 
[92] 
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Table 3. Cont. 

Type of Flow Functional 
Ligand 

Elution Method 
(isoc. elu. = isocratic elution;
grad. elu. = gradient elution) 

Applications Detection 
Method 

Year & 
Ref. 

Polar mode 
CEC –CN and 

–NH2 
isoc. elu. pH 3.0 
65 or 70 or 75% ACN 

Separation of isomeric oligosaccharides: 
(a) Linkage isomers  

maltoheptaose (α14) and Dextran DP7 (α16) 
(b) Compositional isomers of tetrasaccharides 

Maltotetraose [(Glc)4] and stachyose 
[Gal(16)Gal(16)Glc(12)Fru] 

(c) Branch isomers of pentasaccharides 
LNF I (linear) and LNF II (branched) 

(d) Linkage anomers and reducing-end anomers  
(α- and β- forms) 
Maltopentaose and cellopentose standards 

(e) High mannose, N-linked glycans derived from 
RNase B 

(f) O-linked glycans from bile-salt-stimulated lipase 
(BSSL) 

ESI-MS/MS 2002 
[93] 

CEC –NH2 isoc. elu. pH 3.0 
50% ACN 

Separation and analysis of O-glycans from bovine mucin 
and bile-salt-simulated lipase (BSSL) 

FTICR-MS 2003 
[94] 

Electrostatic mode 

LC –OH grad. elu. pH 7.0 
100%–0% KH2PO4 

Separation of IgG from human plasma sample UV detector 
(280 nm) 

2009 
[95] 

CEC 

 

–NH2 

-OH 
grad. elu. 
increasing amount of NaCl 

High resolution profiling of glycoprotein isoforms (AGP, 
Ova, α-Fetal protein and human glycated hemoglobin) 

UV detector 
 

2011 
[96] 

LC –NH4
+ isoc. elu. pH 12.8 

64 mM NH4OH 
Separation of sugars (maltotriose, maltose, and glucose) 
derived from corn starch  

Pulse 
amperometric 
detection 

2004 
[97] 
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Table 3. Cont. 

Type of Flow Functional 
Ligand 

Elution Method 
(isoc. elu. = isocratic elution;
grad. elu. = gradient elution) 

Applications Detection 
Method 

Year & 
Ref. 

Lectin-affinity mode 

LC Con A isoc. elu. 
50% ACN, 2% acetic acid 

Enrichment of glycopeptides of trypsin digest of RNase B ESI-Ion trap -
MS/MS 

2006 
[98] 

LC Con A Me-α-D-Man Identification of glycoproteins from 20 µL urine sample ESI-MS 2009 
[99] 

LC ECL Galactose Extraction of desialylated transferrin and desialylated 
thryglobulin from a mixture of proteins (insulin chain B, 
insulin, cyt c, bovine serum albumin, enolase and carbonic 
anhydrase) 
Extraction of spiked desialylated transferrin in E. coli cell lysate 

UV Detector 2011 
[100] 

Manual (96 
well) 

Con A Me-α-D-Man Separation of Ova from BSA MALDI-TOF 2012 
[101] 

Boronic acid affinity mode 

CEC –B(OH)2 pH 8.5  pH 2.7 
 
pH 8.5  pH 2.7 

Specific capture of Ova from fresh egg white 
 
Selective capture of glycoproteins Ovotransferrin (OVT) 
and Ova from fresh egg white sample 

UV detector 
(214 nm) 
SDS-PAGE 

2011 
[102] 

CEC –B(OH)2 pH 8.5 pH 2.7 Capture of glycoproteins HRP and lactoferrin from a 
mixture with non-glycosylated proteins BSA, lactoglobulin, 
myoglobulin, and cyt c 

UV detector 
(214 nm) 

2009 
[103] 

LC –B(OH)2 pH 10.0 pH 7.4 
 
 
 
pH 10.0 pH 7.4 

Extraction of sialylated glycoprotein human erythropoietin  
(EPO) from a mixture with non-sialylated glycoprotein 
HRP and non-glycoprotein BSA 
 
Extraction of spiked sialylated glycoprotein EPO from a 
human serum mixture with non-sialylated glycoprotein 
RNase B 

MALDI-TOF-
MS  
 
 
 

2013 
[104] 
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Table 3. Cont. 

Type of Flow Functional 
Ligand 

Elution Method 
(isoc. elu. = isocratic elution;
grad. elu. = gradient elution) 

Applications Detection 
Method 

Year & 
Ref. 

Boronic acid affinity mode 

CEC –B(OH)2 pH 8.0pH 3.6 Selective capture of glycoproteins HRP, Ova from a 
mixture with non-glycoproteins BSA, bovine hemoglobin 
(BHb), cyt c, lysozyme and myoglobin 
 
Selective capture of glycoproteins OVT and Ova from fresh 
egg white sample 

UV detector 
(214 nm) 
 
 
 
SDS-PAGE 

2011 
[105] 

LC –B(OH)2 pH 7.2 1% TFA Identification of glycoproteins Ova, OVT and Ovomucoid 
(Ovo) 

MALDI-TOF-
MS 

2013 
[106] 

CEC –B(OH)2 pH 7.4pH 2.7 
 
 
 
pH 7.4pH 2.7 

Selective capture of cis-diol containing glycoprotein RNase 
B and Ova from a mixture with non cis-diol containing 
glycoprotein RNase A at neutral pH 
 
2D separation of HRP and 2D separation of lactoferrin 
(showed 2 peaks) 

UV detector 
(214 nm) 

2011 
[107] 

CEC –B(OH)2 pH 8.5pH 2.7 Separation of glycoproteins HRP, RNase B and lactoferrin 
from a mixture with non-glycoproteins myoglobin and BSA 

UV detector 
(214 nm) 

2013 
[108] 

LC –B(OH)2 pH 7.0pH 2.7 Specific capture of glycoproteins RNase B, HRP, anti-AFP 
monoclonal antibody, anti-CEA polyclonal antibody,  
anti-PSA monoclonal antibody, from a mixture with RNase 
A, cyt c and β-lactoglobin (possible capture at pH 5.0 was 
suggested) 

UV detector 
(214 nm) 

2012 
[109] 

Manual 
(syringe) 

–B(OH)2 pH 9.2  pH 3.6 Enrichment of glycopeptides in trypsin digest of HRP  
 
Extraction of HRP from a mixture with non-glycosylated 
BSA via polymer monolith microextraction (PMME) 

MALDI-TOF-
MS 
 
SDS-PAGE 

2009 
[110] 
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Table 3. Cont. 

Type of Flow Functional 
Ligand 

Elution Method 
(isoc. elu. = isocratic elution;
grad. elu. = gradient elution) 

Applications Detection 
Method 

Year & 
Ref. 

Boronic acid affinity mode 

LC –B(OH)2 pH 8.50.2 M HAc Selective capture of glycoproteins HRP and transferrin from 
a mixture with non-glycoproteins BSA and cyt c 

UV detector 
(278 nm) 

2011 
[111] 

CEC –B(OH)2 pH 8.6pH 3.6 Selective extraction of HRP and enrichment of human 
serum that contains human serum albumin, IgG, transferrin 
and spiked HRP 

UV detector 
(214 nm) 
SDS-PAGE 

2013 
[112] 

LC –B(OH)2 pH 7.00.2 M HAc Selective capture of glycoproteins Ova and OVT from fresh 
egg white 

UV detector 
(214 nm) 
SDS-PAGE 

2013 
[113] 

LC/CE –B(OH)2 pH 7.0  pH 2.7 Rapid selection of HRP-binding DNA aptamers  UV detector 
(214 nm) 
CE-LIF 

2013 
[114] 

CEC –B(OH)2 pH 7.0  pH 2.7 Potential alternative to Protein A in affinity 
chromatography of glycan-containing antibodies  

UV detector 
MALDI-TOF-
MS 

2012 
[116] 

Protein A affinity mode 

CE Protein A pH 7.2  pH2.3 Rapid separation of hIgG in human serum UV detector 
(239 nm) 

2002 
[115] 
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Table 3. Cont. 

Type of Flow Functional 
Ligand 

Elution Method 
(isoc. elu. = isocratic elution;
grad. elu. = gradient elution) 

Applications Detection 
Method 

Year & 
Ref. 

Mixed mode 
Nano-LC 
CEC 

(1) Lectin 
affinity 
 
(a) WGA 
 
(b) Con A 
 
 
 
 
(2) Polar 
(OH–) 

 
 
(1a) isoc. elu. GlcNAc  
 
(1b) isoc. elu. Methyl-α-D-
mannopyranoside 
 
 
 
(2) isoc. elu. 75% ACN with 
small amount of modifiers  
β-CD 

 
 
(1a) Capture of glycoproteins AGP and k-Casein  
 
 
(1b) Capture of glycoproteins Ova and transferrin 
 
 
 
(2) Polar (CN-OH) based separation of N-glycans derived 
from AGP and Ova 

UV detector 
(280 nm) 

2009 
[117] 

LC (1) Hydroph 
obic 
Alkyl chain 
and benzene 
rings 
 
(2) Cationic 
exchange 
Negatively 
charged 
boronic 
acid at high 
pH 

grad. elu. 
Increasing ACN content 
(20%–40%) in mobile phase 
with counter-ion 
(trifluoroacetate anions, 
TFA) 

Separation of iron-binding glycoprotein transferrin from a 
mixture with non-glycoproteins cyt c and myoglobin 

UV detector 
(214 nm) 

2013 
[118] 
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4.2.4.2. Boronate Affinity 

Lectin-affinity separation is a highly selective method but appears primarily limited to N- and  

O-linked glycoproteins [187]. C-mannosylation at tryptophan, more recently discovered, has been found 

not to be recognized by mannose-binding lectins [188]. Lectin affinity columns do appear to bind 

phosphoglycosylated protein [11]. Polar/HILIC approach, on the other hand, may capture those very 

hydrophilic non-glycan peptides in the sample, therefore providing a less effective separation [189]. 

Another approach that is getting huge attention recently is the affinity separation using boronic acids. 

Boronic acids form stronger covalent bonds rather than non-covalent interactions with cis-diol-containing 

molecules such as RNA, nucleosides, glycans, glycoproteins and glycopeptides. The binding is 

reversible and pH-dependent, i.e., it forms five or six-membered cyclic esters in basic conditions and 

dissociates when the conditions are switched to acidic. Acids such as formic acid and acetic acid are 

commonly used as the eluting mobile phase. Boronic acids as ligands are found in applications such as 

sensing, separation and self-assembly. The use of boronate functionalized monolithic stationary phases 

in separation of cis-diol containing molecules has been reviewed [190,191]. Boronate affinity will not 

be specific to glycans or glycoproteins and will bind other cis-diol containing molecules in a sample. If 

a boronate affinity column has hydrophobic character, then reversed phase non-specific interactions can 

degrade the performance [192]. Standard boronate affinity methods usually require the use of pH > 8–9 

for capture (above the pKa of the boronic acid), and this may degrade certain targets. However, sialic 

acids are known to bind strongly to boronic acid at pH < pKa of the boronic acid. Recent efforts have 

focused on lowering the pH required for glycan capture using modified boronic acids and different 

binding modes [193]. 

The first developed boronate affinity polymeric monolithic capillary column in separation of cis-diol 

containing molecules was tested to separate catechol from quinol at pH 8.5 [191]. Boronate affinity 

monolithic columns were initially characterized as having a hydrophobic phase that limits the selectivity 

of the column and therefore required addition of organic solvent ACN to suppress the hydrophobic 

effect. A hydrophobic phenylboronate affinity monolithic capillary column was prepared and used to 

specifically capture glycoprotein at pH 8.5. The separation using this monolithic column was optimized 

by varying the ratio of porogenic solvents, monomers ratio, ACN content and buffer concentration. 

Buffer concentration was controlled to suppress the electrostatic interactions between negatively charged 

monomer VPBA and proteins. The application was extended to extraction of glycoproteins from fresh 

egg white samples using in-tube solid-phase microextraction (SPME) eluting with acetate buffer at  

pH 2.7 [102]. Organic solvents, as mentioned above, may cause denaturation of proteins and could lead 

to precipitation and clogging of the column. Therefore, a report used a hydrophilic cross-linker  

N,N'-methylenebisacrylamide (MBAA) to prepare a hydrophilic boronate monolithic capillary. The 

hydrophilicity of the monolith reduced the hydrophobic interactions that could retain non-glycoproteins 

and interfered with the separation of glycoproteins. Using this monolith, addition of organic solvent was 

limited [103]. Likewise, a hydrophilic boronate monolithic affinity column was developed for selectively 

extracting sialylated glycoproteins versus non-sialylated glycoproteins through pH manipulation. When 

the pH is less than the boronic acid’s pKa by one pH unit or more, for example at physiological pH, the 

column preferentially captured sialylated glycoproteins (e.g., recombinant human erythropoietin, EPO). 

Otherwise, non-sialylated HRP was captured at basic pH (10.0) [104]. Sialic acids was shown to bind 
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common boronic acids when pH is lower than the pKa value of the boronic acid [194]. Another approach 

was the preparation of an organic-inorganic hybrid affinity monolithic column via one-pot synthesis. At 

pH 8.0, high selectivity was achieved, represented by the big difference in binding capacity between 

glycoprotein Ova and non-glycoprotein BSA as compared to same binding capacity when at acidic  

media [105]. In another work, a completely inorganic borated titania monolith prepared via sol-gel process, 

and packed in a syringe was used in selective extraction of glycoproteins from fresh egg white [106]. 

Through the established principle, boronic acid chromatography (BAC)-based techniques are 

required to operate at high pH. However, the highly alkaline environment could lead to degradation of 

labile compounds and could also cause interference. In response to this, a new approach to preparing 

boronate-functionalized polymeric monoliths was proposed via ring-opening polymerization with 

synergistic co-monomers. Through this approach, great selectivity was achieved under neutral 

conditions [195]. The approach was exemplified by the work that prepared a boronic acid functionalized 

monolithic capillary by in situ free radical polymerization of 4-(3-butenylsulfonyl) phenyl-boronic acid 

(BSPBA) as functional monomer. BSPA has a lower pKa value of 7.0 that enables stronger affinity at 

neutral pH and reduces the hydrophobicity of the column. This monolith was applied in selective capture 

of glycoproteins from human serum at physiological condition of pH 7.4. However, because BSPBA is 

a strong hydrogen acceptor, there was suspected secondary H-bonding [107]. An improved selectivity 

was achieved when a monolithic capillary was prepared using hydrophilic functional monomer  

3-aminophenylboronic acid (APBA, pKa = 8.2) and hydrophilic cross-linker N,N'-methylenebisacrylamide 

(MBAA). The reverse-phase (hydrophobic) retention was completely suppressed. The monolith favors 

the affinity at physiological pH. The prepared monolithic column was characterized to have the highest 

density of accessible boronic acid (due to longer spacer arm of APBA) [108]. Glycoprotein separation 

at acidic pH of 5.0 was reported in another work using benzoboroxoles, a unique class of boronic acids 

with excellent water solubility and improved sugar-binding capacity [109]. 

There are various non-conventional ways of preparation of boronate affinity monolithic columns  

that have been reported. A monolithic capillary (530 µm i.d.) was prepared by a one-step in situ 

polymerization with functional monomer 3-acrylamidophenylboronic acid to produce boronic acid 

affinity based column. This monolithic column was used to replace the metallic needle of the pinhead 

of a syringe and was used as sorbent for polymer monolith microextraction (PMME). The monolithic 

capillary sorbent was used to enrich glycopeptides of tryptic HRP digests for MALDI-TOF MS analysis. 

The desorption solvent used was 100 mM phosphate buffer at pH 3.6 [110]. In another work, metal-organic 

gels (MOGs) were used as porogenic templates in the polymerization to form the monolithic column. 

The column was used to analyze biological sample, i.e., capturing large proteins in a rapid and efficient 

way. MOGs are stable and simple to prepare and been used as an alternative method to form 

macroporous materials [196]. Pore size was controlled by adjusting the reaction temperature during the 

preparation [111]. One work used the technology of molecularly imprinting to prepare a HRP-imprinted 

monolithic column. This was done by a sequence of steps: (1) a VPBA-based polymeric monolith was 

prepared; (2) glycoprotein horseradish peroxidase (HRP) was immobilized on the surface of the monolith 

at pH 8.6; (3) self-polymerization of dopamine (DA) on the surface; and (4) washing off the reversibly 

immobilized HRP at pH 3.6. Afterwards, HRP-specific recognition cavities were created and used to 

selectively enrich HRP in a 10 µL sample of human serum. The selectivity of cavities formed in the 

column was suggested as due to the environment that is complementary to the shape, size, and functional 
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groups of HRP [112]. In other work, a click chemistry modification was applied via Cu(I)-catalyzed  

1,3-dipolar azide-alkyne cycloaddition (CuAAC) reaction to immobilize azide-boronate ligand into a 

parent azide-functionalized hybrid monolithic column. The post-modification via click chemistry under 

mild condition (pH 7.5) was applicable in organic, aqueous and biological environments with high 

compatibility and stability with no side of side-reactions [197]. The near-neutral optimum binding 

capacity of the boronate affinity material was observed due to the lower pKa of the boronic acid ligand 

used. The developed monolith was then tested and was able to selectively capture glycoproteins in a 

fresh egg white sample in a pH 7.5 0.1 M phosphate buffer medium [113]. 

The application of boronate affinity monolithic capillary column was extended to enrichment of 

glycoprotein-binding aptamer via systematic evolution of ligands by exponential enrichment (SELEX). 

SELEX is a method of isolating target-binding single stranded DNA (ssDNA) from the random pool [198]. 

The advantage of this method over conventional SELEX is that it is economical requiring only 10–20 µL 

of target and library DNA per cycle [114]. A monolithic capillary column with covalently immobilized 

protein A was used to determine the hIgG concentration in human serum [115]. Protein A is an expensive 

protein. In one work, a boronate affinity monolithic column was proposed to be an inexpensive and 

stable alternative to protein A in specific capture and isolation of antibodies. Monoliths were prepared by 

ring-opening polymerization with synergistic monomers that produce a bimodal porous (macropores and 

mesopores) structure. This exhibited steric hindrance to selectively capture a large glycan-containing 

antibody such as hIgG. The separation was based on the combined size-exclusion and boronate affinity. 

The binding capacity of the monolith was found to be comparable to a number of protein A mimics. The 

monolith was able to isolate antibodies from smaller proteins human serum albumin and transferrin in serum 

sample. Furthermore, when the monoclonal antibody anti-EPO was immobilized, it was able to capture 

EPO showing the oriented binding capability of the monolith that can be useful in immune assays [116]. 

4.2.5. Mixed-Mode 

Mixed mode monolithic columns offer great advantages such as providing interactive stationary 

phases and utilization of less material in fabrication. However the optimization of separation is 

challenging because of the uncertainty as to which mode is playing the dominant role in the separation. 

A monolithic column with readily reactive functionality for further modification to produce different 

modes for separation is likely to be useful in glycomics. This is due to the fact that after the separations 

and enrichment of glycoproteins and glycopeptides, subsequent separation and enrichment of glycans is 

required after deglycosylation. One work prepared a silica-based monolithic column that had readily 

reactive γ-glycidoxypropyltrimethoxysilane functionality at the surface for further modifications. It was 

utilized to immobilize lectins (Con A and WGA) to provide a lectin affinity mode for LC separation of 

glycoproteins and also modification with 1H-imidazole-4,5-dicarbonitrile to provide polar cyano-mode 

for CEC separation. Both modes of separation were optimized and tested for their respective separation 

functions [117]. 

A monolithic column with a mixed mode of cationic exchange and hydrophobic with boronic acid 

functionality is likely to offer better performance of separation of cis-diol containing molecules like 

glycans and glycoproteins. The monolithic column was prepared without further modification by 

incorporating the required functional monomers in a co-polymerization mixture (lauryl methacrylate, 
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LMA = hydrophobic and 4-vinylphenylboronic acid, VPBA = boronic acid). The ionizable boronic acid 

functional group creates the cationic exchange mode. An iron-binding glycoprotein TRF showed 

increasing retention time as the ACN content of the mobile phase was increased. Increasing the ACN 

content decreases the hydrophobic interactions between the solute and hydrophobic surface [118]. 

4.3. Multidimensional Systems 

Multidimensional systems are the recent application of developing monolithic column materials in 

separation and analysis of glycans. Several methods are done in series via flow-porous monolithic 

columns that are linked together in series for more efficient separations. Due to unique hydrodynamic 

properties of monolithic columns that provide faster separations, overlapping of those least retained 

compounds in one dimension and most retained and being eluted in the next dimension can be avoided. 

Multidimensional systems can be either coupled on-line or off-line, and there are advantages and 

disadvantages to each approach [199]. On-line coupled multidimensional separation and analysis 

provides the enhanced selectivity of a multidimensional system together with the advantage of 

automation and a shorter overall analysis time [200]. Loss of samples is minimal [201] in an on-line 

system since reinjection is not required and good reproducibility [202] can be achieved with less risk of 

sample contamination. On-line systems generally require a more complex setup and may not allow for 

full optimization of the conditions for each mode of separation. On-line systems may be preferred when 

the amount of sample is limited. Off-line coupled methods, on the other hand, make use of less complex 

systems and have minimal void volume [203]. Retention times in an on-line system may be longer due 

to the more complex setup that may include valve modules or trap columns through which the sample 

must pass [204]. However, with an off-line system the analysis time can also be long due to sample 

preparation steps required between each mode of separation. Analysis time must be compared on a case 

by case basis. Compatibility of monolithic preparative columns to analytical instruments such as MS 

may provide a small-scale solid platform or phases in developing multidimensional automated set-up for 

analysis of glycans for “nano-glycomics”. Monolithic columns showed potential to be part of the 

electrospray emitter that is used to integrate nano-LC and CEC to nanoelectrospray MS. The usual 

problems in coupled system such as dead volume at the end of the column and clogging by buffer 

components can be reduced or avoided when a monolithic column are used (Table 4). 

A 2-dimensional separation system of coupled lectin monolithic columns (LCA column and WGA 

columns) were set-up and used in nano-LC and CEC separation of glycoproteins. The set-up showed 

more enhanced separation using CEC mode than in LC mode. The combined nano-LC and CEC 

separation using a series of WGA  LCA monoliths was done in 4 steps: (1) nano-LC loading of 

glycoprotein mixtures; (2) nano-LC washing with GlcNAc (hapten for LCA) then with Me-α-D-Man 

(hapten for WGA); (3) CEC separation in WGA monolith; and (4) CEC separation in LCA monolith. 

The set-up was able to separate six intact glycoproteins in 35 min (Figure 6). Those glycoproteins that 

have complementary glycan structure with LCA, i.e., fucosylated core region of bi- and triantennary 

complex type N-glycans, were eluted first; followed by those glycoproteins specific to WGA, i.e., with 

sialic acids. Since AGP is a highly glycosylated protein with five N-glycosylation site, which are bi-, tri-, 

and tetraantennary complex-type N-glycans with some fucose residues and sialylated [205], it was 

captured by both WGA and LCA lectins [119]. 
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Table 4. Multi-dimensional systems that used monolithic columns in simultaneous, rapid and 

efficient deglycosylation, separation and analysis of glycans, glycopeptides, and glycoproteins. 

D Components Applications Detection Ref. 
On-line 
2D 

(1) LCA affinity 
column 
(2) WGA affinity 
column 

Nano-LC and CEC separation of 
glycoproteins AGP, fetuin, κ-Casein, avidin, 
holotransferrin, and collagen 

UV-detector 
(280 nm) 

2005 
[119] 
 

On-line 
2D 

(1) Con A affinity 
column 
(2) RP column 

Nano-LC separation of glycoproteins glucose 
oxidase, human transferrin and OVT from a 
mixture with non-glycoproteins trypsinogen 
and α-lactalbumin 

UV- detector 
(210 nm) 

2005 
[120] 
 

On-line 
3D 

(1) WGA affinity 
column 
(2) Con A affinity 
column 
(3) RCI-I affinity 
column  

Capture and profiling breast cancer and 
disease-free sera glycoproteins 

LC-MS/MS 2012 
[121] 
 

Off-
line 
2D 

(1) RP column 
(2) ZIC-HILIC 
column 

Enrichment of glycopeptides using batch 
HILIC 
 
Enhanced separation for profiling and 
detection of glycopeptides  

ESI-MS/MS 2010 
[122] 
 
[122] 

On-line 
and 
off-line  
2D 

(1) PNGase F 
reactor column 
(2) HILIC column 

Fast and robust analysis of N-glycans from 
glycoproteins by integrated deglycosylation 
and enrichment  

MALDI-TOF-
MS 

2013 
[83] 
 

On-line 
2D 

(1) PNGase F 
reactor column 
(2) Porous graphitic 
carbon (PGC) HPLC 
chip 

Online simultaneous release, sample 
preparation, LC separation and MS analysis of 
both neutral and acidic N-glycans in just few 
minutes 

LC-MS/MS 2012 
[84] 
 

Off-
line 
2D 

(1) RP18e column 
(2) HILIC column 

Glycoproteomic reactor (integrated 
purification/ desalting, trypsin digestion, 
enrichment and deglycosylation) 

MALDI-TOF-
MS 

2013 
[123] 
 

A two-dimensional separation scheme composed of lectin (Con A) affinity column in the first 

dimension and a reversed-phase (RP) column on the second dimension was designed and used for 

separation of glycoconjugates by nano-liquid chromatography. The simultaneous separation was done 

by two grouped steps: (1) separation by Con A affinity column until the uncaptured proteins reached the 

RP column, disconnecting the column and then gradient elution in RP column by increasing % ACN 

content in mobile phase; (2) the two columns were reconnected, eluted by the hapten sugar, and upon 

reaching the RP column using the same gradient elution in the RP column [120]. 
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Figure 6. Electrochromatogram of six glycoproteins separated through nano-liquid 

chromatography (LC) and CEC using tandem wheat germ agglutinin (WGA)  Lens 

culinaris agglutinin (LCA) affinity columns. Reprinted with permission from reference [119]. 

A three-dimensional system consisted of three lectin affinity mode monolithic columns was designed 

and used for the capturing and profiling breast cancer and disease-free sera. The sequence WCR 

(1st:WGA, 2nd:Con A, 3rd:RCA-I) captured the highest number of glycoproteins from the sera with the 

least number of redundant captured proteins. The analysis was done by LC-MS/MS. Using this three-

dimensional set-up, 23 candidate biomarkers for breast cancer were obtained through MS spectral counts 

data [121]. In another work, a comprehensive separation using two-dimensional set-up consisted of RP 

and ZIC-HILIC monolithic columns were designed and integrated with ESI-MS and ESI-MS/MS 

analysis. RP and ZIC-HILIC modes of separations have complementary functions: RP can separate 

glycopeptides based on peptide sequence and degree of sialylation while ZIC-HILIC can separate glycan 

based on difference on structure (polarity) with appropriate mobile phase composition. Chromatograms 

were able to identify the glycosylation sites (GS) of glycans in AGP after batch HILIC enrichment, MS 

analysis and database search (Figure 7). GS were located in regions that became accessible after addition 

of endoproteinase Glu-C, and not identified when only trypsin was used [122]. 

A complete set-up that can do deglycosylation to enrichment prior to the analysis was demonstrated 

in two studies. The PNGase F microreactor was integrated with HILIC column then coupled to ESI-MS 

detection system to have a multidimensional deglycosylation system of glycans and analysis on its intact 

form [83]. Similarly, a multidimensional deglycosylation system consisting of PNGase F monolithic 

microreactor, C8 trap and a porous graphitic carbon (PGC) HPLC-chip was interfaced to an ion trap MS 

for similar purpose [84]. A two-dimensional RP-HILIC system was used for an off-line glycoproteomic 

reactor that integrated protein purification/desalting, trypsin digestion, enrichment, and deglycosylation 

of N-glycosylated peptides. The whole process took only three hours. The microreactor was sensitive 

and allowed detection of four out nine N-glycosylation sites of 2.5 fmol HRP versus only one detected 

by in-solution digestion. The detection of glycans and peptides were done using LC-MS/MS and 

MALDI-TOF-MS, respectively. The microreactor was able to map 486 unique N-glycosylation sites by 

using only 1 µg protein sample extracted from ~104 HeLa cells [123]. 
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Figure 7. Chromatograms of efficient glycopeptides enrichment. LC (RP18e)/electrospray 

ionization (ESI)-MS analysis of trypsin digest of antibody IgG1 without enrichment (A1) 

and with HILIC enrichment (A2). Upper figure: base peak chromatogram. Lower figure: 

extracted ion chromatograms (EICs) of selected glycopeptides (m/z 1318.3, 1339.4, 1226.9, 

1280.9, 1334.8, 1402.6, 1329.2, 1383.2, 1383.2, 1431.9). LC (RP18e)/ESI-MS/MS analysis 

of N-glycosidase F digest of α1-acid glycoprotein (trypsin and Glu-C digested) without 

enrichment (B1) and with HILIC enrichment (B2). Glycopeptides (m/z 474.8, 488.8, 596.4, 

664.5, 672.4, 765.6, 817.1) with their corresponding glycosylation site (GS)* were identified 

by Mascot database search. Reprinted with permission from reference [122]. 

5. Conclusion 

Glycans, along with proteins, nucleic acids and lipids, complete the big four macromolecules in life. 

Relative to the other three, structural characterization of glycans is more challenging. Detailed 

knowledge in site-specific glycosylation of proteins, through glycomics, will be a big contribution to the 

development of post-genomic projects. The research works summarized here showed their respective 

responses to the current approach in glycomics that is to develop more efficient and faster methods of 

separation and analysis of glycans. The great characteristics of monolithic materials described above (1) 

easy in situ preparation; (2) versatility for surface modifications; and (3) high permeability, faster and 

efficient separations were utilized to prepare monolithic reaction and separation columns that can help 

to resolve the complexities of glycan structures. In situ preparation allowed developing monolithic 

columns in smaller scale such as capillaries and microfluidic channels that increased the limit of 

detection (LOD) of the analysis. Analysis of very small amounts of samples became possible at lowest 

concentration of attomol level. Microreactor columns can load enzymes such as trypsin and PNGase F 

with high capacity and density. These provide faster, efficient and economical use of these enzymes in 

digestion and glycan release. Monolithic capillaries are suitable to couple to MS instruments, for 
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example as nanospray emitters of ESI-MS that uses ion trap. Monomers and functional compounds are 

available and can be added during or after the polymerization of monoliths, that produced monolithic 

columns with desired morphology, structure and functionality such as various modes of separation that 

make monolithic columns versatile tools in glycomics. Using monolithic columns, multi-dimensional 

systems that integrate glycan release, separation, enrichment and analysis were developed toward 

automated, miniaturized and high-throughput glycomics. 
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