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Abstract

Glycomics and glycoproteomics analyses by mass spectrometry require efficient front-end 

separation methods to enable deep characterization of heterogeneous glycoform populations. 

Chromatography methods are generally limited in their ability to resolve glycoforms using mobile 

phases that are compatible with online liquid chromatography–mass spectrometry (LC-MS). The 

adoption of capillary electrophoresis–mass spectrometry methods (CE-MS) for glycomics and 

glycoproteomics is limited by the lack of convenient interfaces for coupling the CE devices to 

mass spectrometers. Here, we describe the application of a microfluidics-based CE-MS system for 

analysis of released glycans, glycopeptides and monosaccharides. We demonstrate a single CE 

method for three different modalities, thus contributing to comprehensive glycoproteomics 

analyses. In addition, we explored compatible sample derivatization methods. We used glycan 

TMT-labeling to improve electrophoretic migration and enable multiplexed quantitation by tandem 

MS. We used sialic acid linkage-specific derivatization methods to improve separation and the 

level of information obtained from a single analytical step. Capillary electrophoresis greatly 

improved glycoform separation for both released glycans and glycopeptides over that reported for 

chromatography modes more frequently employed for such analyses. Overall, the CE-MS method 

described here enables rapid setup and analysis of glycans and glycopeptides using mass 

spectrometry.
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With improvements in mass spectrometer speed, sensitivity, analysis time, and depth, 

effectiveness of omics characterizations depends largely on front-end separation methods.1 

Liquid chromatography (LC) remains the preferred separation mode for online interface 

with mass spectrometry (MS), due to mature interfaces, solvent compatibility and a variety 

of available chromatography modes. Glycosylation increases the number of molecular forms 

of proteins (proteoforms) and thus the complexity of a biological sample. We and others 

have investigated the utility of online reversed phase LC-MS for analysis of 

glycopeptides.2–11 One of the principal limitations to this approach is that the glycoforms 

for a given glycopeptide elute over a narrow retention time window. Thus, the number of 

precursor ions that can be isolated and analyzed by tandem MS is considerably less than the 

number of glycopeptide glycoforms present. There is clear need for online separation of 

glycopeptide glycoforms prior to entering the MS source to maximize the number of tandem 

mass spectra acquired.

CE offers high peak capacity for glycoform resolution because the separation is based on 

charge, size, and shape.12–15 In contrast to LC and nano-LC, CE systems have lacked 

convenient interfaces for mass spectrometers, and this situation has limited their utilization 

for applications in large-scale glycomics and glycoproteomics studies. Due to recent 

developments in technology, microfluidic CE systems with integrated nanoelectrospray 

ionization interfaces are commercially available for easy coupling to mass 

spectrometers.16–18 The compact scale of these CE devices improves sensitivity and 

facilitates analysis of small sample quantities.

As stated above, a key factor affecting the implementation of CE-MS to biomolecule 

analysis has been the development of interfaces for mass spectrometry coupling. One 

challenge has been the low liquid flow-rates in CE that are insufficient for ESI. Introduction 

of a coaxial sheath liquid by Smith and coworkers provided for mixing of a sheath liquid 

with CE effluent to increase overall flow rates, thereby enabling online coupling of CE to a 

mass spectrometer.19 The sheath flow interface is easy to implement but suffers from low 

sensitivity due to sample dilution and chemical noise from the sheath liquid. Sheathless-flow 

interfaces were also developed around the same time20 and modified versions of this 

interface were later introduced;21,22 however, they suffered from problems in spray-stability 

and reproducibility. A liquid-junction interface, implemented by many groups, enables 

partial disconnection of the CE and ESI components. This makes it possible to optimize CE 
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and ESI individually because the flows from the two components are combined at a junction 

to produce a stable electrospray.23–26

The use of bare fused-silica capillaries compromises separation efficiencies due to 

interactions with the analyte.27 It also deteriorates migration time reproducibility, which is 

critical to proteomics analyses. To prevent such interactions, the use of surface coatings is 

common.28 A number of groups have evaluated a polyamine-based coating, PolyE-323, that 

adheres to glass through ionic interactions with silanol groups and produces a net positive 

charge on the coated surfaces under neutral to acidic conditions.17,29 The authors reported 

efficient separation for tryptic peptides using capillaries with this coating. The coating also 

provided a stable anodal electro-osmotic flow (EOF), thus, enabling stable ESI on the 

microfluidic device. Therefore, a variety of neutral or positively charged coatings have been 

explored to counteract unfavorable surface interactions for proteomics applications.30–32 

These coatings include a monoquaternarized piperazine compound, polybrene-poly(vinyl 

sulfonate) and an N-methylpolyvinylpyridinium cationic polymer.

CE was widely adopted for glycan analysis after its coupling to a laser-induced fluorescence 

detector (LIF). This method requires derivatization of the glycans with a fluorophore, with 

aminiopyrene trisulfolane (APTS) being the most commonly used tag.33–35 Optical 

detection allows identification only of molecules for which standard migration times have 

been determined. Gennaro and colleagues evaluated aminonapth-thalene trisulfolane 

(ANTS) as a derivatization reagent for CE-MS of glycans, along with a low molarity (20 

mM) 6-aminocaproic acid CE separation buffer.36 APTS and ANTS both impart negative 

charge to the labeled glycans and make negative ion mode analyses more efficient by 

improving ionization efficiencies.33,36,37 Gennaro and Salas–Solano demonstrated the use of 

online CE-LIF-MS for APTS-labeled glycans on a CE system with PVA-coated capillaries 

and a running buffer of 40 mM aminocaproic acid and 0.02% 

hydroxypropylmethylcellulose.38

Monosaccharide analysis is performed commonly using gas chromatography–mass 

spectrometry (GC-MS). This method requires derivatization (generally peralkylation) of 

monosaccharides to generate hydrophobic derivatives that can be resolved by gas 

chromatography.39 Partially methylated alditol acetates can be used for linkage analysis by 

GC-MS.40 Isobaric monosaccharides are differentiated based on the retention time 

differences measured for purified standards. A method for monosaccharide analysis using 

CE was developed by Guttman, who has described the separation of APTS-labeled 

monosaccharides and AMAC-labeled sialic acids coupled with LIF detection.41 This setup 

used 25 mM lithium tetraborate buffer in the separation channels. This method has been 

adopted by many laboratories but employs buffers incompatible with mass spectrometry.

Guttman also described sample preparation and separation methods using CE with optical 

detection for analysis of oligosaccharides.33–35,42,43 These methods are also incompatible 

with mass spectral analysis due to their running buffers. More recently, a study described the 

characterization of N- and O-linked glycopeptides from human erythropoietin using CE-

MS.44 This study utilized bare fused-silica capillaries with an electrolyte solution containing 

a mixture of acetic and formic acid, with 50% isopropanol used for sheath flow. Váradi et al. 
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used isotopically coded 2-aminobenzamide for glycan labeling and analysis by CE-MS. This 

method enabled duplex analysis of glycan samples.45 The aminoxy TMT (tandem mass tag) 

reagents have been used for efficient labeling and multiplexing of glycans in CE-MS/MS 

experiments.46,47 This reagent facilitates fast and efficient labeling of glycans with minimal 

postlabeling cleanup required and enables straightforward tandem-MS based quantification 

and sample multiplexing.

The CE-MS setup used in this work integrates a microfluidic separation system with a 

nanoESI source on a single piece of hardware17 that works as a removable interface for mass 

spectrometers. As shown in the schematic in Figure 1, sample injection, background 

electrolyte, and ESI solution are controlled independently in a manner similar to the liquid-

junction interface described above. The microfluidic setup minimizes gaps, dead volume, 

sample dilution, and band broadening to maintain speed and sensitivity in analyses. The 

separation capillary surfaces are coated with an aminopropyl silane reagent to minimize 

EOF, as described previously.48

We developed a CE-MS method for analysis of monosaccharides, oligosaccharides and 

glycopeptides to enable comprehensive glycoprotein analysis. Our method uses the same 

electrophoresis solutions for all three compound classes, greatly simplifying the task of 

glycoprotein characterization. We used the aminoxy TMT regent (Figure S-1) to improve 

electrophoretic migration of neutral saccharides and to enable multiplexing in tandem-MS 

experiments. We also used a sialic acid derivatization method to prevent interaction of the 

negatively charged carboxyl groups with the positively charged capillary surface coating and 

discriminate sialic acid linkages. In summary, we present a CE-MS method using a 

convenient mass spectrometry interface for glycan, monosaccharide, and glycopeptide 

analysis.

MATERIALS AND METHODS

All experiments were performed on a ZipChip capillary electrophoresis-electrospray 

ionization interface (CE-ESI; 908 Devices, Boston, MA), using a high-resolution chip with 

capillary length 22 cm, coupled to a Q-Exactive Plus mass spectrometer (Thermo Scientific, 

San Jose, CA). A CE voltage of 20 kV was applied with a shield potential set at 500 V. ESI 

voltage varied between 2200 and 2700 V for the different samples and chips. A background 

electrolyte (BGE) and ESI solution containing 50% methanol, 48% water, and 2% formic 

acid was used for all experiments. Pressure-assisted CE, a feature of the CE-MS interface, 

was used for oligosaccharide sample analysis to decrease analysis times. Pressure-driven 

injection allows transient isotachophoresis for the analyte but dilutes the sample solution in 

cases where low sample volumes are loaded in the sample well. All MS data were acquired 

in the positive-ion mode. Released glycans and monosaccharides were derivatized with 

aminoxy-TMT (the structure and derivatization scheme are shown in Figure S-1) prior to 

analysis. Sialic acid derivatization was performed using the method described by Reiding 

and co-workers.49 Details of sample preparation and CE-MS data acquisition have been 

provided in the Supporting Information.
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Data Analysis

Data were analyzed manually with Thermo XCalibur data analysis software and using in-

house data analysis tools for generation of extracted ion electropherograms (EIEs), as 

described in the Supporting Information.

RESULTS AND DISCUSSION

N-Glycan Analysis

Zhong et al. have shown the utility of aminoxy-TMT tags in quantitative analysis of released 

glycans by CE-MS.46 The TMT tags also improve ionization efficiency and, thus, the 

sensitivity of sialylated glycans in the positive-ion mode. The aminoxy TMT group imparts 

a positive charge to labeled neutral glycans in acidic buffers, thereby enabling 

electrophoretic migration. Further, TMT-based multiplexing has been shown to provide 

robust quantitative results for paired glycomics samples in both LC-MS and CE-MS.46,47 

We therefore used aminoxy-TMT labeling for analyses of released glycans by CE-MS.

The migration and separation of neutral glycans appeared to depend on the size and number 

of monosaccharide units, as shown in EIEs in Figure 2 for pauci- and high-mannose N-

glycans (left panel) observed from a sample consisting of a mixture of released glycans from 

human ribonuclease B, human transferrin, and human alpha-1-acid glycoprotein (AGP). The 

EIEs for asialo complex-type glycans in the mixture are shown in the right panel. Glycan 

compositions are reported as [HexNAc; Hex; dHex; Total NeuAc; Esterified NeuAc; 

lactonized NeuAc] in the text and figures. The migration times for each glycan are indicated 

in the figures. Figures S-5 and S-6 show overlaid EIEs for high mannose and asialo 

complex-type glycans, respectively. Migration for high-man-nose-type N-glycans shows a 

clear correlation with increasing size; however, multiple peaks are observed for 

paucimannose glycans (HexNAc2Hex3–4) [2;3;0;0;0;0] – [2;4;0;0;0;0]. The earliest 

migrating peaks indicate the existence of these two glycans in solution prior to the CE-MS 

analysis. In addition, the data show that [2;3;0;0;0;0] and [2;4;0;0;0;0] EIEs contain signal 

from MS-induced breakdown products of larger high-mannose type glycans. MS-induced 

breakdown products in the EIEs for larger glycans also exist but are difficult to visualize due 

to the scale of the Y-axis and the presence of data-dependent tandem MS, which decreases 

the number of data points per electropherogram. Therefore, EIEs for larger glycans have 

been plotted from a different experiment where only MS1 was acquired and the Y-axis has 

been zoomed-in to enable better visualization (shown in Figure S-4).

The extracted mass spectra showed protonated analyte ions with varying degrees of 

ammoniated, sodiated, and potassiated ions forming (see Figure S-8) due to presence of 

ammonium acetate in the sample loading solution and other salts that may be present in the 

sample matrix or introduced from sample preparation. The abundances of adducted ions 

ranged from 5 to 20% abundance relative to protonated ions and generally decreased with 

the size of the glycan. The EIEs were plotted for protonated ions only. Complex-type asialo 

glycans showed similar increasing migration times with added monosaccharide units and 

branching. The right panel in Figure 2 shows EIEs for bi-, tri-, and tetra-antennary complex-

type N-glycan compositions, with or without a fucose residue.
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We next analyzed the behavior of N-glycans containing neuraminic acids (NeuAc) in their 

compositions. Figure 3 shows stacked EIEs for sialylated glycan compositions, with a TMT 

label on the reducing end. While neutral glycans migrated through the separation capillary 

within the first 15 min of the CE-MS run, their sialylated counterparts migrated more slowly. 

The retardation of sialylated glycoforms was proportional to the number of sialic acids 

present in the glycan compositions. Additionally, we detected split peaks or multiple peaks 

for multiply sialylated glycoforms. For compositions including [5;6;0;3;0;0], migration time 

differences between peaks were as high as 14 min. While CE has been shown to resolve 

isomeric glycans, such large differences in migration times for the same glycan composition 

were not expected.46 We hypothesized that the increased migration times and elution in 

multiple peaks was related to a combination of increased glycan net negative charge, 

increased hydrodynamic radius, and nonspecific interactions of acidic glycans with the 

positively charged capillary coating. To demonstrate the effect of number of sialic acids on 

migration times, overlaid extracted ion traces have been presented in Figure S-7; the EIEs 

have been color-coded to reflect the number of NeuAc in glycan compositions.

Methyl esterification stabilizes sialic acids for MALDI- and LC-MS analyses.40,41 Recently, 

Wuhrer and colleagues described a MALDI-MS method for analysis of sialylated 

glycoforms by sialic acid stabilization that allows facile discrimination of sialic acid 

linkages by ethyl esterification.49 Using this approach, α-2,6-linked NeuAc residues are 

esterified and α-2,3-linked NeuAc form cyclic lactones. To eliminate any nonspecific 

interactions of the sialylated glycoforms, we employed their ethyl esterification strategy to 

derivatize the NeuAc residues.

The ethyl-esterification step allowed us to track the migration characteristics of TMT-labeled 

glycans without the influence of the sialic acid carboxyl groups. We identified N-glycans 

with completely and partially derivatized sialic acids, as shown in Figure 4. As expected, 

fully derivatized N-glycans shifted to migration times of 17 min or less, while populations of 

partially derivatized glycans with one or more sialic acids left underivatized eluted in 

multiple peaks with longer migration times. Additionally, the mass shifts induced by ethyl 

esterification versus lactonization allowed characterization of sialic-acid linkages.

In most cases, the differently linked sialosides displayed the same electrophoretic mobility. 

In some cases, migration times of different compositions overlapped. For example, 

[4;5;1;2;0;2], overlapped with [4;5;1;2;1;1] and [4;5;1;2;2;0]. A relatively wide, bimodal 

peak was also observed for [5;6;1;1;1;0], indicating isomer separation. Peak shoulders and 

tailing were also observed for sialylated glycans with unoccupied nonreducing end Gal 

residues. It thus appears that NeuAc positional isomers exist on these glycans. The presence 

of abundant underivatized glycans necessitates the improvement of derivatization method to 

achieve higher efficiency. Several methods for sialic acid derivatization have been published, 

indicating that this is an ongoing and challenging problem.49,51–64

Glycopeptide Analysis

Capillary electrophoresis separates analytes based on both charge and size. The size of 

glycans on peptide backbones has a significant influence on their electrophoretic mobilities. 

Thus, glycosylated peptides migrate more slowly through the separation capillary compared 
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to their nonglycosylated counterparts.44 α-1-Acid glycoprotein contains five glycosylation 

sites with a wide-ranging distribution of complex-type N-glycans.65,66,5,6 In addition, the 

protein has two isoforms that add variability in protein sequence in the region spanning the 

glycosylation sites. This allowed us to generate and study the migration characteristics of a 

variety of peptide backbone sequences with combinations of glycoforms using a tryptic 

digest of human AGP. Figure 5 shows a total-ion electropherogram (TIE) for an AGP tryptic 

digest stacked over the EIEs for oxonium ions indicating presence of HexNAc (middle) and 

NeuAc (bottom) on the precursor ions selected for tandem MS. As indicated by the overlay 

of oxonium ions, the non-glycosylated peptides in an AGP tryptic digest elute in the first 10 

min, while the majority of glycosylated peptides elute after 8 min. All the peaks selected 

using data-dependent acquisition of tandem mass spectra after 8 min migration time were 

glycopeptides. The migration positions for two glycoforms of the peptide 

LVPVPITNATLDR are indicated in the TIE. Figures S-2 and S-3 show HCD tandem mass 

spectra confirrming the assignments. Note that addition of a single sialic acid resulted in a 

migration time difference of more than 5 min between the two glycoforms. Overall, most 

glycosylated peptides with neutral (asialo) glycans appeared prior to 14 min, while the 

sialylated glycoforms were slower migrating.

In a manner similar to the released glycans, glycopeptide migration through the separation 

capillary depended on size. Figure 6 compares the migration profiles of glycopeptides 

according to peptide backbone by overlaying different peptide backbones with the same 

glycan composition on the same plot. Figure 7 compares the overlaid migration profiles of 

glycopeptides with the same peptide backbone but different glycoforms. The individual EIEs 

for the glycopeptides are shown in Figure S-12, along with the migration time for each 

glycopeptide. Migrations times increased with both the peptide length and the glycan size. 

Further, the trend in migration of neutral vs sialylated glycoforms, as seen in released 

glycans, persisted in glycopeptides. All asialo glycopeptides had migration times of 15 min 

or less. With an increase in the number of sialic acids, broader and multiple peaks were 

observed. While these factors increase the density of the data, the overall separation of 

different glycoforms is useful for deeper characterization of site-specific glycan 

microheterogeneity. The value of this separation will become more apparent for complex 

biological samples where multitudes of glycosylated peptides and their numerous 

glycoforms are present. Although CE separates nonglycosylated peptides from glycosylated 

peptides, employment of a prior enrichment step such as HILIC would greatly enhance the 

loading capacity and allow better use of the instrument speed and dynamic range.

To eliminate the effects of sialylated glycoforms on migration times, we also explored 

derivatization schemes similar to those used for released glycans. The Wuhrer group has 

reported a derivatization method for sialic acid stabilization and linkage discrimination in 

glycopeptide MALDI-MS, similar to their ethyl esterification procedure which we used for 

glycan derivatization.57 This reaction converts α-2,6 linked sialic acid to dimethylamide, 

and α-2,3 linked sialic acid to a cyclic lactone with the adjacent galactose. We explored this 

derivatization method for CE-MS of sialylated glycopeptides from AGP. Although it did 

stabilize the sialic acids and decrease migration times (Figure S-9), the reaction introduced 

multiple modifications along the peptide backbone. This, combined with ammonium 

adduction from the ammonium acetate present in the stacking buffer, divided the signal from 
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each glycopeptide into many channels, lowering the overall signal-to-noise ratio and making 

it extremely difficult to identify the glycopeptide compositions (see Figure S-10). This 

derivatization scheme necessitated the use of an additional HILIC-enrichment or cleanup 

step prior to CE-MS analysis because the reagents used for the derivatization were not 

soluble in aqueous solvents, and thus could not be removed via reversed-phase cleanup. To 

simplify the analysis, data were acquired using transferrin tryptic glycopeptides, which have 

only two glycosylation sites and a narrow glycoform distribution.5,67 Methyl esterification 

of the glycopeptides using the method of Powell and Harvey was also attempted.51 A few 

methyl esterified glycopeptides could be identified by de novo sequencing of the peptide 

backbone, but the problem of multiple backbone modifications persisted (see Figure S-10).

Monosaccharide Analysis

Monosaccharide analysis provides insight into the overall variety of saccharide constituents 

in a sample. The monosaccharide compositions of unknown samples are identified and 

quantitated based on the retention/migration times of standards. Following analysis of the 

standard monosaccharide pools that had been derivatized with aminoxy TMT-127, 

TMT-128, or TMT-130, for which the results are shown in Figure 8, a mixture of 

monosaccharides, obtained from AGP by acid hydrolysis and derivatized with TMT-127, 

were analyzed by CE-MS. The monosaccharide identities were assigned using a table of 

migration times established for standard monosaccharides, as shown in Figure 9. As 

expected, AGP monosaccharides included fucose, mannose, galactose, N-acetyl 

glucosamine, and sialic acid. The peak apex and peak width corresponding to hexoses 

indicated the presence of mannose and galactose, but no glucose (see Figure S-11).

This workflow for monosaccharide analysis allows easy estimation of the monosaccharide 

composition of a sample. Even though some the HexNAc monosaccharide isomers are 

incompletely resolved by CE, using our testing conditions, baseline separation was 

achievable between the pentoses, deoxyhexoses, hexoses, HexNAcs, and the sialic acid. 

With the exception of the HexNAcs, separation was broad enough and the retention time is 

reproducible, such that each monosaccharide can be identified when compared to a standard 

mix. The use of TMT multiplexing offers the flexibility to develop this method to provide a 

better monosaccharide identity. For example, internal standards could be included in the 

analyte, which are labeled with a different TMT-tag to not only provide internal RT 

calibrants, but enable the possibility of quantification. Similarly, this method could be 

developed further to compare N-glycan monosaccharide compositions, and O-glycan 

compositions within the same protein sample, by differential release of O- and N-glycans, 

labeling with different TMT-tags and analyzing simultaneously to have a quantifiable 

comparison. The ease of TMT-labeling and high-throughput capability of CE-MS makes 

monosaccharide analysis accessible to most with basic laboratory equipment.

CONCLUSIONS

The ZipChip CE-ESI device allowed easy interfacing of the CE separation capabilities with 

mass spectral detection. The integrated sprayer obviated the need for complex ESI source 

setups on CE-MS systems and delivered stable nanoESI for all experiments. Our methods 
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utilized the same mass spectrometer friendly buffer system for glycopeptides, released 

glycans and monosaccharides. We showed that the same CE conditions allow analysis of 

three different analyte classes, thus, eliminating the need for switching among different CE 

methods and capillary chemistries. The CE device delivered rapid separation and sensitive 

detection of oligosaccharides, with the sialic acid derivatization procedure allowing 

identification of sialic acid linkages.

Aminoxy TMT reagent was used to fix a positive charge to improve electrophoretic 

migration of small, neutral glycans. This reagent has been shown to be useful for relative 

quantitation and multiplexing of biological samples.46,47 Sialylated glycoforms in 

oligosaccharides and glycopeptides that retained a negatively charged functional group 

under the experimental conditions appeared to interact with the coated capillary surface, 

thereby causing band broadening. We used chemical derivatization to neutralize the acidic 

monosaccharides and eliminate this interaction for both oligosaccharides and glycopeptides. 

This derivatization induced linkage-specific mass-shifts for sialylated glycans, which were 

used for linkage-discrimination in complex mixtures. All sialic acid derivatized 

oligosaccharides eluted in less than 20 min, considerably reducing analysis times over 

commonly used LC modes. Glycopeptides in tryptic digests of glycoproteins were well-

separated from non-glycosylated peptides, thereby reducing the need for enrichment prior to 

mass spectrometry analysis. Glycopeptide glycoforms were resolved based on glycan size 

and composition showing glycoform resolution much higher than observed using liquid 

chromatography separation.

Monosaccharide standards were derivatized using TMT tags and analyzed using CE-MS to 

establish migration times, followed by analysis of monosaccharides derived from a standard 

glycoprotein. Isomeric monosaccharide standards were multiplexed using TMT to generate 

different reporter ions allowing discrimination between co-migrating isobars. Different types 

of monosaccharides found on mammalian N-glycans were easily separated.

Glycopeptide separation by CE-MS opens avenues for improved resolution and analysis of 

these analytes in complex biological samples. While separation of glycopeptides from 

peptides obviates the need for pre-enrichment, an added enrichment step would increase 

loading capacity of glycopeptides and enable better tandem MS of low-abundance 

glycoforms.

The development of newer capillary coatings will increase compatibility with acidic analytes 

and improvements in hardware and availability of reversed polarity will enable analysis of 

acidic oligosaccharides and other polyanionic compounds. Because the separation 

mechanism is orthogonal to commonly used chromatography modes, our CE-MS method is 

an attractive separation mode to combine with offline chromatographic fractionation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Overview of workflow for analysis of monosaccharides, oligosaccharides and glycopeptides 

using microfluidic CE-ESI-MS. Chip schematic on the right shows sample reservoir “S”, 

background electrolyte resevoir “B”, ESI pump “P”, and sample waste “SW”.
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Figure 2. 
Neutral glycans-stacked EIEs showing pauci- and high-mannose N-glycans (left panel) and 

complex-type asialo N-glycans (right panel) from a mixture of released glycans from bovine 

RNaseB human transferrin and human AGP. Glycan compositions are represented as 

[HexNAc; Hex; dHex; total NeuAc; esterified NeuAc; lactonized NeuAc]. For ease of 

visualization, putative topologies for identified glycan compositions have been shown using 

the Consortium for Functional Glycomics glycan representation scheme.50
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Figure 3. 
Sialylated glycans: EIEs showing sialylated N-glycans with underivatized sialic acids, from 

human transferrin and AGP. Glycan compositions are represented as [HexNAc; Hex; dHex; 

total NeuAc; esterified NeuAc; lactonized NeuAc].
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Figure 4. 
Derivatized sialylated glycans: EIEs showing sialylated N-glycans with derivatized sialic 

acids, from human transferrin and AGP. Glycan compositions are represented as [HexNAc; 

Hex; dHex; total NeuAc; esterified NeuAc; lactonized NeuAc].
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Figure 5. 
Total ion electropherogram of a tryptic digest of AGP, analyzed by CE-MS, overlaid with 

extracted ion electropherograms for oxonium ions corresponding to HexNAc (m/z 204.08) 

and NeuAc (m/z 292.10), showing migration characteristics of glycosylated and non-

glycosylated peptides.
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Figure 6. 
Glycopeptide migration by peptide backbone. Each electropherogram overlays the extracted 

ion trace for the same glycoform linked to a different peptide backbone. “Cam” stands for 

cysteine carbamidomethylation. Glycan topologies shown are speculative.
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Figure 7. 
Glycopeptide migration by glycan composition. Each electropherogram overlays the 

extracted ion trace for a different glycan composition linked to the same peptide backbone. 

“Cam” stands for cysteine carbamidomethylation. Glycan compositions are represented as 

[HexNAc; Hex; dHex; NeuAc].
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Figure 8. 
Monosaccharide standards multiplexed using three aminoxy TMT reagents to enable 

identification of isomers on the basis of CE migration and tandem MS.
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Figure 9. 
Extracted ion electropherograms for monosaccharides derived from AGP.
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