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Abstract

High-sensitivity glycomic analyses are becoming of a great interest in modern biomedical and clinical research, as well as in the development of
recombinant protein products. The evolution of separation techniques for glycomic analysis at high sensitivity is highlighted in this review. These
methodologies include capillary liquid chromatography, capillary electrophoresis (CE) and capillary electrochromatography (CEC). The potential
of such methodologies in glycomic analysis is demonstrated for model glycoproteins as well as total glycomes derived from biological samples.
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1. Introduction

As a part of the “systems biology” efforts [1-6] aiming at
a nearly complete understanding of the complexity of living
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organisms, glycomics and glycoproteomics deserve particular
attention. This is due to the fact that many important processes in
mammalian cells are mediated through various actions of glyco-
proteins and proteoglycans [7]. Consequently, targeted studies
of glycosylation processes in the highly organized eukaryotic
cells are likely to explain developmental differences between
such cells and the less advanced systems which do not fea-
ture this sophisticated form of posttranslational modification or
use only its simpler structures. Since differences in glycopro-
tein structures and their levels seem associated with numerous
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diseases and disorders (both hereditary and environmentally-
induced), detailed studies of glycosylation are also potentially
pertinent to understanding of disease etiologies, a design of bet-
ter diagnostic procedures and a follow-up of therapeutic steps.
Finally, no less important are the current efforts of pharmaceu-
tical and biotech industries to produce new therapeutics which
are glycoconjugate-based [8,9].

Just as with the other efforts contributing to systems biology
(transcriptomics, proteomics, metabolomics, etc.), the fields of
glycoproteomics and functional glycomics are strongly depen-
dent on the current and future advances in analytical method-
ologies and instrumentation. Perhaps even more so because of
the greater sophistication of glycoconjugate molecules when
compared to the linear biopolymers such as DNA or polypep-
tides. Glycoconjugates can feature different forms of linkage,
branching into antennas and other types of isomerism. The func-
tional sophistication of glycoproteins seems paralleled by the
seemingly complex structural attributes such as unique sugar
structures, the structural hierarchies of different glycans at the
site of glycosylation and, to some degree, the local “peptide
landscape” at that site.

In addressing the analytical needs for a complete structural
investigation of a complex glycoprotein, a combination of sev-
eral techniques is often required. Clearly, a majority of such
determinations has been a multimethodological task [10] in
which an isolated glycoprotein is typically digested by a pro-
tease enzyme and further analyzed by tandem mass spectrometry
(MS/MS) to yield a complete protein sequence, while more
refined analytical strategies are being applied to the mixtures of
resulting glycopeptides in high-sensitivity site-of-glycosylation
determinations [11-15]. Such procedures are at the heart of gly-
coproteomics, which shares many analytical approaches with the
mainstream proteomics (e.g., “top down” and “bottom up”, or
“shotgun” approaches) [16-21]. Quite different are the glycomic
studies, which necessitate a quantitative removal of glycans from
the polypeptide backbone prior to their separate analysis.

Glycomic investigations, aiming at a total structural analy-
sis of glycoproteins’ released glycans, rely also heavily on the
use of both mass spectrometry (MS) and analytical separation
methodologies. To address structural problems of glycoproteins
at different degrees of complexity, additional methodologies,
such as the use of specific reagents, fluorescence-tagging chem-
icals, exo- and endoglycosidase enzymes, and lectins may also
be applicable. Nevertheless, MS using electrospray ionization
(ESD) or matrix-assisted laser desorption-ionization (MALDI)
is becoming the most widely applicable tool of glycoanaly-
sis to which other techniques are viewed as ancillary. Since
many important biological processes are mediated through
sugar—sugar or sugar—protein interactions, the basic premise of
functional glycomics is to access structurally and quantitatively
these biological determinants (glycans) and relate their pres-
ence/quantities to their physiological or pathological roles. This
can apparently be performed even in relatively complex mix-
tures of glycoproteins (e.g., unfractionated cellular extracts or
physiological fluids).

Glycomic studies using different MS ionization techniques
and/or mass analyzers rely on the displays of glycomic profiles or

“glycomic maps” according to the glycans’ molecular mass for a
particular type of biological material. For example, the mass pro-
files of a diseased sample can be quantitatively compared with a
control (normal) profile, or progression of a disease and, alterna-
tively, the effects of a therapeutic agent could also be discerned
from such data. This approach appears particularly attractive
with the use of MALDI-MS and its relatively uncomplicated
spectra. However, any type of MS suffers form the general lack
of resolution when dealing with isomeric structures, so that a
complementary use of suitable separation methodologies in car-
bohydrate analysis becomes desirable.

The analytical separations of carbohydrates have a long his-
tory of development, as reviewed in book chapters and review
articles [10,22-27]. The recent studies have particularly empha-
sized the use of nanoscale separation methodologies based
on capillary zone electrophoresis (CZE), capillary electrochro-
matography (CEC) and capillary liquid chromatography (LC),
which are all high-resolution techniques that are also eminently
suitable for small-scale biological investigations. Besides the
isomer resolution, the use of separation techniques can fur-
ther simplify determination of glycans in complex mixtures
and facilitate preconcentration of their trace components. This
latter capability is particularly needed in addressing a wide
concentration range in which biologically important glycopro-
teins can occur in tissue extracts and physiological fluids of
interest.

The purpose of this brief review is to summarize and crit-
ically evaluate the recent trends in separation of oligosaccha-
rides, with a special emphasis on their use in the analysis of
isolated glycoproteins and unfractionated biological materials.
There is a distinct methodological overlap with the use of simi-
lar techniques in the general area of glycoscience, for example,
with the analysis of polysaccharides and glycosaminoglycans.
This review supplements the previous accounts of this labo-
ratory on glycoanalysis, in general [22-24,26,27], and glyco-
proteins [10,25], in particular. The separation methodologies of
particular interest are the capillary techniques which combine
easily with MS, the ultimate tool in structural glycoanalysis.
These will be emphasized in comparison to the more tradi-
tional HPLC methodologies used in carbohydrate research, such
as ion-exchange chromatography using pulsed-amperometric
detection [28], fluorometric detection of aminopyridylated sug-
ars [29-31] or spectrophotometric detection of native solutes
[32].

The lack of chromophoric moieties in carbohydrate
molecules has been among the challenging tasks of detection in
carbohydrate analysis for a long time. This problem is now being
gradually overcome through a wider use of LC-MS techniques.
Nevertheless, the on-going use of precolumn derivatization for
the sake of laser-induced fluorescence (LIF) detection and, to
a lesser degree, UV absorbance, is still justified for simpler
analytical tasks, such as quality control assays for recombinant
products, in affinity studies, or confirmatory monosaccharide
analyses [15]. As preliminary screening procedures in func-
tional glycomics, high-resolution chromatographic methodolo-
gies, combined with a suitably sensitive detection means, could
be used with the advantage of simplicity. The general trend
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seems to be, however, toward the development of a general
glycomic platform using highly informative MS measurements.
Solute derivatization can also offer some distinct advantages for
MS measurements as well, as shown below.

2. Chromatographic methodologies

In typical chromatographic systems, the hydrophilic nature
of native sugar molecules has a more practical merit than their
hydrophobicity, which has been largely confined to the inter-
action studies of hydrophobic organic molecules (e.g., various
pharmaceuticals) bound inside the relatively hydrophobic cavity
of oligosaccharides [33,34]. Indeed, the uses of reversed-phase
LC in carbohydrate separations are rare [ 10], with the exception
of cases where a hydrophobic tag is placed through the reac-
tion at the reducing end of a saccharide [10], or when the sugar
solutes are comprehensively methylated (as seen in one of the
procedures detailed below) [25]. This leaves hydrophilic inter-
actions, adsorption-type interactions, and ion-exchange under
extreme pH-conditions as the only other viable options. With
regard to the use of LC-MS with such columns, it is essential to
reduce their dimensions to comply with “micro” (1-10 pL/min)
or “nano” (< 500 nL/min) flows.

2.1. Nano-LC with hydrophilic columns

Hydrophilic-interaction chromatography (HILIC), a term
first coined by Alpert [35] in 1990, has become generally popular
in carbohydrate separations. Although LC of carbohydrates (in
conventional-scale columns) on unmodified silica was reported
in the literature [36], it seems more effective to use the silica
materials modified through chemical bonding of suitable polar
functional groups such as amine [37-40] or amide [41-44].

Most commonly, the utility of the HILIC approach in the
analysis of oligosaccharides has involved fluorescence label-
ing prior to LC separation [10] with analytical columns used at
high flow rates. To comply with the needs of microscale sepa-
rations and LC/MS, the use of a capillary amide-based column
has recently been demonstrated [45], employing a flow rate of
300 nL/min. With the use of nano-LC format and an ion-trap
mass spectrometer, oligosaccharide mixtures could be analyzed
at low-femtomole sensitivities. The analytical approach was val-
idated through the investigations of N-glycans derived from
keyhole limpet hemocyanine and horseradish peroxidase, as
illustrated in Fig. 1 [45]. Apparently, the mobile phase used
in this investigation was compatible with the MS operation. As
a general limitation, amide columns suffer from a significant
decrease in separation efficiencies over time and fairly limited
lifetimes.

2.2. Nano-LC with graphitized carbon packings

As an alternative to hydrophilic interaction chromatogra-
phy with amine- and amide-bonded phases, graphitized carbon
columns (GCCs) have recently been gaining popularity because
of their greater capacity combined with high efficiency, and easy
use. GCCs became recently available as microcolumns (supplied

E (A)

Intensity

T
10 30 50 70 90

Time (min)
L7712 HN, (B) 1257.3 HN, ()
Ill N lh
o 9172 HNF, (C) 14602 HN, W)
- L
£9835 HN, (D) 14193 KN, (K)

[

> v1o79.3 HNF, (E) | 16222 HN,, L
% 3
o} 2
E i | = L |
10953 HN, F) 1768.3 HN,F, (M)
1581.3 HN, v
7
1 l " x|l._ M
1241.3 HNF, o (G) 19553 HN,F, (N)
1298.3 HN H 2087.3 HN,F,P, (O
12413 HNF, _§ H S0
il .
T T T T T T T T T T T T T T T T T T
800 1000 1200 1400 1200 1600 2000
m/z m/z

Fig. 1. Nano-LC-ESI-MS of oligosaccharides released from KLH by PNGase
F treatment: (A) base peak chromatogram (mass range m/z 700-2800); (B—O)
mass spectra obtained for the time windows indicated by horizontal bars in (A).
Sodium adducts are presented with m/z and deduced monosaccharide compo-
sition. H, hexose; N, N-acetylhexosamine; F, fucose; P, pentose; (V), sodium
adduct. No m/z values are given for proton and potassium adducts. Reproduced
from [45], with permission.

through SGE, Ringwood, Australia). Carbohydrate retention is
largely based on adsorption, but some hydrophobic interactions
are also expected. The unique selectivity of GCCs and their
nearly unmatched ability to resolve isomers and other closely
related compounds are the result of using the adsorption prin-
ciple that is feasible with this homogeneous adsorbent without
adverse effects of irreversible adsorption.

The retention of organic compounds on GCCs is generally
greater than what is observed with reversed-phase materials.
Consequently, a greater percentage of organic solvents in the
mobile phase is needed to elute carbohydrate solutes. A major
advantage of GCCs appears to be their ruggedness, permitting a
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Fig. 2. Comparison of negative ion (a) capillary LC/MS vs. (b) nano-LC/MS
analysis of neutral O-linked oligosaccharides (5.5 ng) using graphitized carbon
chromatography (base peak chromatograms). Combined MS! mass spectra of
the region where oligosaccharides were eluted are shown as inserts. Reproduced
from [54], with permission.

long, repeated use without adverse effects of a decreased perfor-
mance or reproducibility. The columns are very stable across a
wide range of buffer pH and different solvents. In a microcolumn
format, CGGs were employed during the LC/MS analyses of
the glycans originated from egg jelly surrounding Xenopus lae-
vis eggs [46—48], human bronchial epithelial cell cultures [49],
membrane proteins from premature aging Huchinson—Gilford
progeria syndrome fibroblasts [50], human tear-fluid [51], rat
brain Thy-1 [52], and human blood plasma [53].

Although flow rates at wL/min could be successfully used
with the graphitized carbon columns for the analysis of glycans,
only the major structures were effectively detected under such
conditions. The situation improved substantially with the use of
nanocolumns at much lower flow rates. As seen in Fig. 2, even
the low-abundance N- and O-glycans were observed at high-
sensitivity [54]. The use of negative-ion MS facilitated a simul-
taneous detection of femtomole quantities of both neutral and
acidic oligosaccharides, with the observation of several struc-
tural isomers. Additionally, this procedure was found effective
in analyzing N- and O-glycans isolated from mucosal surfaces
and ovarian cancer cells [54].

2.3. Anion-exchange chromatography-mass spectrometry

Anion-exchange chromatography of glycans with pulsed-
amperometric detection has become one of the standard method-
ologies in glycobiology because of its simplicity and quantitative
reliability in the picomole range. While mass spectrometers are
capable of detecting glycans at a level that is many orders of
magnitude lower than amperometric detectors, interfacing this
chromatographic technique to MS is not convenient due to the
incompatibility of the mobile phases with MS. Several attempts
[55-59] were made to address this problem, but neither approach
was completely successful.

3. Electromigration approaches in glycomics
3.1. Capillary electrophoresis

While glycan profiles released from different glycoproteins
(e.g., recombinant glycoprotein products) or even unfraction-
ated glycoprotein mixtures can be displayed through MALDI-
MS, fluorescently-tagged mixtures separated by capillary elec-
trophoresis (CE) and detected by laser-induced fluorescence
are often viewed as somewhat complementary to MALDI-MS,
since the CE approach is often capable of resolving certain
isomers which are otherwise indistinguishable by MS. Dur-
ing the last decade, several types of capillary electromigration
techniques have been significantly utilized for glycomic anal-
ysis, including capillary zone electrophoresis employing either
free-buffer media or gels, and micellar electrokinetic chromatog-
raphy (MEKC). A high resolution and fast analysis offered by
these techniques can only be appreciated when used in con-
junction with sufficiently sensitive detectors. While still utilized
in certain applications [10], the sensitivity of UV absorbance
is marginal for carbohydrates, and fluorescence-tagging pro-
cedures for laser-induced fluorescence detection are generally
recommended if mass spectrometry is not available. Since not
all N-glycans are electrically charged, the derivatization pro-
cedure is also expected to introduce ionic groups needed for
electromigration. Some neutral derivatizing agents, however,
have also been utilized in conjunction with MEKC mode or
with a borate buffer that permits complexation with oligosac-
charides, thus imparting the electrical charge. Some intriguing
aspects of CE-LIF, MEKC-LIF and CE-MS in glycomics are
discussed below.

3.1.1. Capillary zone electrophoresis

In comparison to the miniaturized LC-based techniques, CZE
suffers from a limited capability to utilize large aliquots of bio-
logical samples at the capillary inlet. While sample stacking
and the use of other means of preconcentration can somewhat
reduce this problem, CZE performs best at very small solute
concentrations and peak volumes and, correspondingly, small
column diameters [60—62]. The detection challenges of CZE,
and to a various degree also the other capillary electromigra-
tion techniques, can increasingly be met through the inher-
ently sensitive LIF and rapidly evolving high-sensitivity MS
techniques.
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LIF necessitates the use of fluorogenic or fluorescence-
tagging reagents, which are optimally “tuned” to reliable laser
technologies; typically, argon-ion lasers are preferred over
helium/cadmium laser. In 1991, our laboratory first demon-
strated carbohydrate analysis by CE/LIF combination, using 3-
(4-carboxybenzoyl)-2-quinolinecarboxaldehyde (CBQCA) as a
derivatizing agent, for amino sugars [63] and glycoprotein-
derived N-glycans [63—65]. With the detection limits reaching
subattomole levels, the oligosaccharide constituents of bovine
fetuin (CBQCA-labeled N-glycans) were resolved into four
major (expected) peaks and some minor components. Since then,
additional efforts have been made to exploit the potential of var-
ious derivatizing reagents for high-sensitivity glycomic analysis
through CE.

The effect of the charge groups in several fluorophores,
including 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS),
7-aminonaphthalene-1,3-disulfonic acid (ANDS), and 2-
aminonaphthalene- 1-sulfonic acid (ANS) on the electrophoretic
separation of glycans was investigated [66—68]. As expected,
a greater charge caused faster analyses and higher resolu-
tion, making ANTS one of the most effective derivatizing
agents among the aminonaphthalene derivatives for the CE
analysis of N-glycans derived from glycoproteins. Accordingly,
this reagent was successfully employed for characterization of
glycans derived from various glycoproteins, including human
immunoglobulin G [69], ovalbumin [70,71], fetuin [70,72],
recombinant HIV gp-120 [72], and «-acid glycoprotein [72].

Although ANTS has been found effective in glycomic analy-
sis, the instability and high cost of the required He—Cd laser
prompted the need to explore alternative fluorophores utiliz-
ing a more convenient light source such as the argon-ion
laser. Accordingly, the most commonly used fluorophore for
CE-LIF today is 1-aminopyrene-3,6,8-trisulfonic acid (APTS)
[73]. Using this reagent, Chen and Evangelista [74] devised a
complete method for the analysis of N-glycans derived from
glycoproteins. It is based on a combination of specific chem-
ical and enzymatic conversions coupled with CE/LIF. First,
N-glycans are released enzymatically from glycoproteins and
derivatized with APTS under mild reductive amination condi-
tions to preserve sialic acid and fucose residues. The method
was successful in profiling the heavily sialylated N-glycans.
Using similar methodologies, additional authors reported analy-
ses of N-glycans derived from various glycoproteins, including
ribonuclease B [73-79], fetuin [74,75], recombinant human ery-
thropoietin [74], kallikrein [74] and a chimeric recombinant
monoclonal antibody (mAb) [80].

Guttman devised a method for multistructure sequencing
with N-glycans by gel CE and exoglycosidase digestions
[76,81]. It involves a carefully designed exoglycosidase matrix
with a subsequent comparison of the positions of the separated
exoglycosidase digest fragments to maltooligosaccharides of a
known size, in terms of relative migration shifts. Accordingly,
the appropriate linkage information could be deduced from the
positions of separated peaks and combined with the shifts result-
ing from treatment with a specific exoglycosidase.

Ma and Nashabeh [80] extended the use of CZE of APTS-
labeled glycans to monitor certain variations in the glycosylation

of rituximba, a chimeric recombinant monoclonal antibody,
during production. The N-glycans derived from rituximba are
neutral, complex biantennary oligosaccharides with zero, one
and two terminal galactose residues (GO, G1, and G2, respec-
tively). The method was based on releasing N-glycans from
the glycoprotein via PNGase F, then derivatizing them with
APTS prior to a CE mapping. All observed glycans were fully
resolved, including the positional isomers of G1. The two Gl
positional isomers were identified by comparing CE profiles
obtained from sequential enzymatic digestions. N-Glycans were
first released enzymatically by treating the glycoprotein with
PNGase F; as an example, CE profile of APTS-derivatized N-
glycans is illustrated in Fig. 3a. The N-glycans were further
incubated with (-N-acetylglucosaminidase to remove the ter-
minal GlcNAc residues on the GO and G1 isomers, as seen in
Fig. 3b. The migration time of G2 remained unchanged, since it
does not possess terminal GIcNAc. On the other hand, GO exhib-
ited a larger change in migration time than G1 isomers because
of the removal of two GlcNAc residues from GO relative to one
from G1 (see Fig. 3b). Finally, the use of a(1-2,3) mannosidase,
which specifically cleaves terminal a(1-3) linkage, in conjunc-
tion with a change in the CE profile, indicated the predominance
of G1 with a galactose residue on the mannose o:(1-6) arm. The
method has several advantages over other schemes, including
simplicity, accuracy, precision, high throughput, and robustness.

More recently, the use of APTS in conjunction with CZE-
LIF permitted a baseline separation of closely related structural
isomers [15]. The CE-LIF trace (Fig. 4 upper trace) of the
fluorescently labeled standards (core-fucosylated biantennary,
asialylated, and mono- and disialylated glycans) clearly illus-
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Fig. 3. Electropherograms of the glycans obtained from the rituximba after
sequential enzymatic digestion steps: (a) PNGase F; (b) B-N-acetylhexo-
saminidase; (c¢) a1-2,3 mannosidase. Samples were derivatized before CE anal-
ysis. Reproduced from [80], with permission.
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Fig. 4. CE profile of APTS-labeled glycans derived from mAb. The upper trace
represents standard core-fucosylated biantennary/disialylated, monosialylated,
and asialylated glycans. Conditions: column, polyacrylamide-coated 50/365 mm
1.D./O.D.; length, 50.5 cm total, 40.5 cm effective length; temperature, 25 °C;
injection pressure, 0.5 psi for 5.0 s; voltage, 15kV anodic electroosmotic flow;
Aex 488 nm, A 520. Reproduced from [15], with permission.

trates the ability of this technique to separate structural isomers.
Monosialylated structures, which differ only in the attachment
of a terminal sialic acid residue to 1-6 or 1-3 antenna, were
partially resolved in this CE-LIF analysis scheme. The CE-LIF
analysis of the N-glycans derived from a monoclonal antibody
revealed the presence of seven major components in addition to
many minor components (Fig. 4 lower trace) [15]. In this fig-
ure, the resolving power of CZE is also evident from the ability
to baseline-resolve monofucosylated biantennary glycan struc-
tures lacking one terminal galactose residue.

Honda et al. [82] introduced an ultramicroscale method for
the analysis of carbohydrates using CE-LIF. Their method is
based on labeling carbohydrates through their initial conversion
to N-methylglycamines, before tagging these products with 7-
nitro-2,1,3-benzoxadiazole (NBD). The tagged carbohydrates
are then analyzed through CE-LIF. Conversion of N-glycans
to N-methylglycamines was achieved by incubating the sam-
ple with dimethylamine—borane complex at 40°C. Next, N-
methylglycamines were coupled to NBD, while the coupling
reaction was achieved in 5 min at 70 °C. Although the derivati-
zation involves two steps, the procedure is carried out simultane-
ously in “one pot” arrangement without a loss in derivatization
efficiency. This method allowed a high-resolution profiling of
N-glycans derived from fetuin through the use of borate buffer.

3.1.2. Micellar electrokinetic chromatography (MEKC)

The separation systems using micelles and other molec-
ular aggregates as a pseudostationary phase [83] have often
been found effective in resolving small molecules with minor
structural differences. In the area of carbohydrate analysis, this
notably includes differently substituted amino sugars as CBQCA
derivatives [65] and optical isomers as ANTS derivatives [84].
While hydrophobicity is the general cause of retention in typ-

ical micellar systems, a fine-tuning of separation conditions,
through a choice of buffer systems or the use of additives (form-
ing mixed micellar entities), has often been found profitable. A
proper choice of fluorescent tagging structures can be a further
supplement to the success of MEKC analysis. Unfortunately,
such separation conditions are seldom acceptable in MS analy-
sis. As detailed below, various forms of MEKC could be utilized
in separating glycan mixtures.

2-Aminoacridone is yet another reagent that has been recently
utilized in derivatization of N-glycans. While this is a neutral
fluorophore, a borate buffer or MEKC must be employed to
allow the separation of neutral oligosaccharides. The N-glycans
derived from different glycoproteins were profiled by CE using
this procedure: ovalbumin [85], fetuin [85,86], ribonuclease B
[85,87,88], and IgG antibodies [87,89]. 2-Aminobenzamide is
yet another neutral fluorophore to be used in conjunction with
MEKC or CZE (in presence of anionic cyclodextrin as a pseu-
dostationary phase) for profiling glycoprotein N-glycans [89].

3.1.3. Capillary zone electrophoresis-mass spectrometry
(CZE-MS)

The popularity of CZE-MS interfacing has substantially
increased over the past several years due to the notable improve-
ments in sensitivity and reproducibility. This approach takes a
full advantage of the extreme sensitivity of a mass spectrome-
ter and unmatched separation efficiency of CZE, as illustrated
above. In coupling CZE to a proper MS technique, high mass
accuracy and tandem MS operations can be easily achieved.
The application of CE-MS and tandem MS to glycoscreening
in biomedical field has been highlighted [90]. More recently,
CZE interfaced to a Q-Trap mass spectrometer was featured in
the study of N-glycans from cellobiohydrolase I, with special
interest in phosphorylated residues [91]. A tandem MS opera-
tion was mediated through a modified triple quadrupole where
the Q3 region can be operated as a conventional quadrupole
mass filter or as a linear ion-trap with axial ion ejection [92].
A simultaneous analysis of neutral and charged glycans was
achieved through fluorescence labeling with §-aminopyrene-
1,3,6-trisulfonate (APTS) which imparts negative charges to the
labeled structures. Generally, APTS labeling of these oligosac-
charides permits high-resolution CE, a better ionization in the
negative ion mode, a simultaneous detection of neutral and
charged oligosaccharides, and generation of predictable tandem
MS spectra (Fig. 5). A differentiation of phosphorylated glycan
isomers was achieved through this system, while MS/MS data
furnished additional structural information [91].

3.2. Capillary electrochromatography

During the last decade, CEC has often been emphasized as a
technique combining some desirable features of capillary elec-
tromigration principles (e.g., flow-induced radial solute mass
transfer) and chromatography (a wide choice of suitable sta-
tionary phases). Moreover, it is easier with CEC (compared to
CZE or MEKC) to preconcentrate dilute samples at the capillary
inlet. Perhaps, most importantly, a recent progress in CEC fea-
tures prominently monolithic columns, which principally offer
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a wide range of retention selectivity together with separation
conditions that appear compatible with MS operation.

The examples of carbohydrate applications of CEC include
the separation of aminobenzamide derivatives [93] using a
hydrophobic monolithic stationary phase. Other approaches to
separating native glycans using ‘“MS-friendly” mobile phases
lead to the use of columns featuring hydrophilic interactions.
Among these efforts, CEC monolithic columns were recently
shown [94-96] where a high resolving power associated with
this approach is capable of dealing with very complex pools of
glycans (Fig. 6). This is clearly illustrated for the case of bile
salt-stimulated lipase (BSSL) from human breast milk, which
is a relatively large glycoprotein consisting of 722 amino acid
residues [97] with numerous O-glycosylation sites near the C-
terminus. The CEC/ion-trap MS profile of chemically cleaved
N- and O-glycans using a hydrophilic monolithic column is
depicted in Fig. 6. The high selectivity of these columns assisted
a partial or complete resolution of several structural isomers, as
suggested by the detection of several m/z values at different
retention times. These CEC columns were shown to be very
effective in conjunction with ESI-MS, using both the ion-trap
[94,96] and FT-MS [95] mass analyzers, as well as MALDI-MS
using a microdeposition device prior to MS analysis [98]. The
potential of the latter technique was exploited in the analysis of
N- and O-glycans derived from BSSL. The high microhetero-
geneity of the glycan structures derived from this glycoprotein is
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Fig. 6. Mass electrochromatogram of a complex fraction of the O-linked
glycans chemically released from human bile salt-stimulated lipase. Condi-
tions: amino column 28 cm, field strength 500V/cm, mobile phase acetoni-
trile/water/ammonium formate buffer (240 mM, pH 3.0, 55:44:1, v/v/v), injec-
tion 1kV, 10s. Reproduced from [94], with permission.

evident in Fig. 7, which depicts 3D and 2D CEC/MALDI/TOF-
MS recordings. Approximately 50 distinct peaks were displayed
in this figure. Many of the depicted peaks differ by a few mass
units, while some other peaks are structural isomers [98].

1200

2400

Fig. 7. 3D Electrochromatogram of the mixture of N-linked and O-linked
glycans derived from BSSL. Experimental conditions: cyano capillary col-
umn, 28 cm; mobile phase, 2.4 mM ammonium formate buffer in a 60/40
mixture of acetonitrile/water; field strength, 535 V/cm; injection, 10kV, 10s;
matrix, 20 mg/ml DHB in 80/20, methanol/water. Reproduced from [98], with
permission.
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4. Capillary LC/MALDI-TOF/TOF mass spectrometry:
a general platform for functional glycomic investigations

A suitable general platform for functional glycomics must,
first of all, consider the best possible structural technique
that is capable of distinguishing different forms of isomerism
at high-sensitivity. During the recent past, distinctly different
approaches and modern MS technologies were applied to satisfy
this requirement. The use of sequential fragmentation in tandem
MS (for example, MS” in an ion-trap or quadrupole ion-trap)
was found to be effective in distinguishing isobaric structures
among methylated branched oligosaccharides [99-105], albeit
at the expense of a need for considerable sample quantity and
limited compatibility with a prior LC separation (due to incom-
plete derivatization). The effectiveness of a particular ionization
technique, i.e., the use of ESI versus MALDI, must also be
considered in view of the relatively inefficient ionization of
oligosaccharides when compared to peptides. While MALDI
forms exclusively the sodium adduct ions of oligosaccharides
in the positive-ion mode, multiply-charged states are formed in
ESI that cause a loss in sensitivity as a result of splitting the
signal of a single analyte into different detectable entities.

For the branched structures and differently linked residues
in the oligosaccharides from typical glycoproteins, it is not
sufficient to generate secondary fragments due to the cleav-
ages at the sites of glycosidic bonds; sufficient energies must
be available to the analyte sugar molecules to form the more
informative cross-ring fragments. As the low-energy collision-
induced dissociation (CID) in the ion-trap analyzers [94,96,106]
or the postsource decay in MALDI/time-of-flight (TOF) MS
instruments [107] are generally inadequate to accomplish this
fragmentation task, we have chosen a MALDI/TOF/TOF MS
with high-energy CID capabilities to furnish extensive frag-
mentation of model neutral [108-112] and acidic [108,113]
glycans. An alternative approach pursued elsewhere for exten-
sive fragmentation of glycans involves Fourier-transform ion
cyclotron resonance MS used in conjunction with a sustained
off-resonance irradiation (SORI) [114], CID [47,114], IR mul-
tiphoton dissociation IRMPD) [115-117], or electron capture
dissociation (ECD) [115,116]. In our MALDI/TOF/TOF exper-
iments, we were able to distinguish a subtle form of isomerism
in the mannose-rich glycans [109] from the ratios of diagnostic
cross-ring fragments as well as different linkages of sialic acid
residues and/or their attachment to a specific antenna within
a branched structure [113]. The example illustrated in Fig. 8
demonstrates the ability of this technique to assign sialic acid
residues to a particular antenna. N-Acetylneuraminyl-lacto-N-
neo-hexaose from human milk (for structure, see Fig. 8a) is
a branched sialylated oligosaccharide which has both 6-linked
antenna and 3-linked antenna. The sialic acid residue in this
structure is present on the 3-linked antenna. The MS/MS spec-
trum of N-acetylneuraminyl-lacto-N-neo-hexaose is shown in
Fig. 8b. The most informative fragments in the spectra are
L3%0g, 39X, %*A4, and 2*A4/%*X3,. These fragments con-
clusively allowed the assignment of the sialic acid residue to the
3-linked antenna. Furthermore, the presence of the diagnostic
fragments associated with a2-6 linkage, as discussed above, as

well as the presence of the C1 fragment (m/z 416.1), suggest
an attachment of the terminal sialic acid residue to be through
o2-6 linkage. Much of this structurally/functionally impor-
tant information had previously been available only through
NMR spectrometry, which generally requires highly concen-
trated samples. Using new bioinformatic approaches [118] to
MALDI/TOF/TOF MS fragmentation data, there is a distinct
possibility to distinguish the finest structural details on previ-
ously separated glycans.

In choosing the MALDI/TOF/TOF approach for structural
elucidation of glycans, it was natural to evaluate the merits of
per-O-methylation as an alternative for analyzing native gly-
cans. While sample derivatization always introduces an addi-
tional procedural step, the advantages of permethylation for MS
[119,120] are substantial: stabilization of sialylated structures;
enhanced sensitivity; and improvements in the MS/MS inter-
pretation capabilities. Serendipitously, the oligosaccharides are
made sufficiently hydrophobic through quantitative methylation
to allow their separation from complex mixtures by means of
capillary reversed-phase LC using “MS-friendly” mobile phases
[121]. In addition to offering predictable fragmentation, perme-
thylation also facilitates a simultaneous analysis of neutral and
sialylated oligosaccharide solutes.

Oligosaccharide permethylation was previously described as
aprelude to MS and tandem MS analysis of oligosaccharides and
other glycoconjugates through the use of two different proce-
dures. The first, originally described by Hakomori [122], utilizes
the anion dimethyl sulfoxide (DMSO™, commonly referred to
as the dimsyl anion) to remove protons from the sample prior
to their replacement with a methyl group. However, this methy-
lation procedure tends to be non-quantitative, which is perhaps
acceptable for MS studies of an isolated glycan, but not for
LC-MS where just one solute may produce multiple chromato-
graphic peaks. The second procedure, which is now more com-
monly accepted, was introduced in 1984 [119] and modified
more recently [120]. It is based on the addition of methyl iodide
to carbohydrates, which are dissolved in dimethylsulfoxide solu-
tion containing powdered sodium hydroxide and traces of water.
The popularity of the modified procedure stems from its speed,
experimental simplicity, effectiveness for both O- and N-glycans
and “cleaner” products. Unfortunately, when exploring this pro-
cedure at microscale, we found difficulties in recovering the
small amounts of methylated glycans, which are presumably due
to oxidative degradation and peeling reactions induced by the
high pH and heat generated during the liquid-liquid extraction
step. These difficulties led us to develop an on-line permethyla-
tion procedure using a sodium hydroxide-packed capillary as a
microreactor [123] that can easily be incorporated into a valve-
operated analytical system. This approach has been successfully
utilized for the permethylation of glycans from model proteins as
well as total glycomes derived from biological samples (Fig. 9)
[123].

Any successful glycomic/analytical platform will be depen-
dent on an effective release of glycans from the polypeptide
backbone of a glycoprotein or glycopeptides. When considering
a permethylation as the next treatment step, a glycan cleav-
age procedure must be compatible with permethylation condi-
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tions. In our current approach, we prefer the recently developed
microscale B-elimination [124] or glycanase-released glycans
which are derivatized through a reductively stabilized Schiff
base prior to permethylation. In fact, this step may be prefer-
able for short-chain oligosaccharides, which are often obscured
by the interferences associated with noise originating from the
MALDI matrix clusters.

Serendipitously, the hydrophobicity of permethylated and
terminus-modified glycans renders them amenable to areversed-
phase LC separation, which is popular, convenient and easy-to-
interface to ESI- or MALDI-MS. Recently, in conjunction with
the on-line permethylation, a system was developed, incorporat-
ing derivatization, C18 trapping of permethylated glycans, and
C18 nano-LC separation of the glycans derived from model gly-
coproteins and biological samples. The on-line permethylation
and LC/MALDI-MS analysis of glycans derived from a mix-
ture of glycoproteins are depicted in Fig. 10. A reversed-phase
separation allowed resolving structural isomers, the presence of
which could be confirmed by MALDI/TOF/TOF-MS.

5. Chip-based approaches

Miniaturization of the previously described separation
methodologies represents a general trend in modern glycoanal-
ysis. This is being driven by the fact that glycoproteins are
commonly encountered at the sub-microgram levels. While mea-
suring such small amounts is currently feasible with the modern

instrumental techniques, proteins can easily be adsorbed on the
surface of glassware before such measurements. A sample loss
during ultrafiltration, dialysis, lyophilization, etc., can easily
become a bottleneck of the entire analysis. Another problem
with working at such a reduced scale is contamination (dust,
solvent, reagent impurities, etc.). It is thus crucial to minimize
the number of handling and transfer steps during the analysis.
Miniaturizing separation, in terms of reduced column diameters,
solvent flow-rates and the overall surface area that a glycan sam-
ple may encounter during analysis, is thus becoming significant
in high-sensitivity work. The ability to integrate multiple steps
such as sample preparation, purification, separation and detec-
tion to a small analytical unit, such as a microchip is invaluable
to minimizing sample losses and, consequently enhancing ana-
lytical sensitivity.

Thus far, chip-based approaches employed in glycomic anal-
ysis involve devices which incorporate microchannels, allow-
ing a sample injection, preconcentration and separation. Both
electrophoretic and chromatographic modes of separation in
microchips have been performed. The former is commonly
referred to as microchip electrophoresis (ME), which com-
monly uses different detection principles such as refractometry
[125], electrochemical detection [126—129], UV [130], and LIF
[131-133]. Conversely, a microfluidic chip with an integrated
face-seal rotary valve, media-filled preconcentration and sep-
aration columns, and nanoelectrospray tip for MS has been
described by [134], as based on chromatographic principles.
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Fig. 10. LC/MALDI/TOF-TOF MS of on-line permethylated glycans derived from a mixture of glycoproteins.

Recently, an interesting application of ME involving a total
serum protein N-glycome profiling was reported [135]. The
chips were fabricated in alumina-silicate glass device with a
double-T injector. This type of injector insures a uniform intro-
duction of all molecular types without a bias commonly asso-
ciated with an electrokinetic injection in CE. ME with 11.5cm
effective length, filled with 4% linear polyacrylamide, permitted
the profiling of the major N-glycans in human serum in 12 min
with a resolution comparable to what has been achieved through
gel-based DNA sequencers. Profiling of two serum samples from
a noncirrhotic chronic hepatitis patient and a cirrhotic patient
demonstrated the potential of ME in clinical studies (Fig. 11).
In a previous study using gel-based DNA sequencer [136], the
same authors founds that the change in the ratio of two gly-
can structures (namely, complex triantennary and fucosylated
bisecting biantennary) is diagnostic for liver cirrhosis (Fig. 11B).
These results were also observed in the ME-generated profiles
(Fig. 11A). The two peaks associated with glycan structures
were well resolved in ME, while the ratio between the peak rep-
resentative of the two structures was comparable to the gel-based
DNA sequencer results. Using ME for this kind of analysis is
more advantageous, since the other approach is considerably
more laborious and time-consuming.

The separations of oligosaccharides with an integrated
microchip (50 mm (L), 75 pm (W) and 50 um (D) packed with
graphite material) were recently described by Lebrilla and co-
workers [137]. Effective separations of oligosaccharides was
achieved at 300 nL/min flow rate. The chip was interfaced to
an orthogonal TOF mass analyzer, offering mass accuracy of
less than 5 ppm at a wide dynamic concentration range. This
setup was found effective in the analysis of model oligosaccha-
rides as well as complex mixtures, including O-glycans derived
from mucin and different oligosaccahrides from human milk.
The high mass accuracy allowed the assignment of 97 different
structures, many of which were structural isomers.
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Fig. 11. (A) ME profiling of serum samples from a noncirrhotic chronic hepatitis
patient (upper trace) and cirrhotic patient (lower trace); (B) profiling of the
same samples using the ABI377 gel-based DNA-sequencer. Symbols: (), N-
acetylglucosamine; (), mannose; ((J), galactose; (), fucose. Reproduced
from [136], with permission.
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More recently, we have utilized the integrated microchip of
similar dimensions packed with areversed-phase C18 mediumin
conjunction with our solid-phase glycan permethylation [123]
for the analysis of glycoprotein-derived glycans. A base-peak
separation of solid-phase permethylated glycans derived from
ribonuclease B is illustrated in Fig. 12, where different struc-
tural isomers associated with N-glycans were resolved from each
other. An ion-trap mass spectrometer was utilized in this study.
The potential of employing the chip in the general platform for
functional glycomic investigations described above is currently
being investigated.

6. Conclusions

Quantitative measurements in functional glycomics are
viewed as essential to a better understanding of cellular and
molecular interactions associated with different physiologi-
cal and pathological processes in mammalian systems. Such
measurements often demand high-sensitivity combined with a
specific structural identification of biological determinants or
biomarkers of a disease condition. These are currently best
secured through the uses of biomolecular MS, which, in turn,
performs best if combined with capillary separation techniques.

The main purpose of this brief review has been to evalu-
ate critically the current status of different capillary separation
methodologies as a useful adjunct to MS (using additional detec-
tion techniques) and when used in a direct combination. In
terms of overall resolving power, the electromigration tech-
niques such as CZE, MEKC and CEC, ensure most directly
the resolution of close oligosaccharide isomers in comparison
with chromatographic procedures. Laser-induced fluorescence
is the most preferred detection procedure in high-sensitivity
profiling of glycan mixtures by capillary electrophoresis. Cou-
pling these techniques to MS still remains a nontrivial task,
although several promising attempts have been made. The inher-
ent limitations of preconcentrating solutes at the capillary inlet
challenge the sensitivity of most MS detectors. The separation
buffers must carefully be chosen for CZE and CEC combina-
tion with MS, while MEKC is not compatible with this type of
detection.

In capillary LC separations of oligosaccharides, important
advances were recently demonstrated through the design of
hydrophilic packings and carbon-based materials. The latter
packings have shown reproducible separations of structurally
related glycans and suitability for MS investigations in a direct
coupling.

A new platform for complete glycomic analyses of com-
plex oligosaccharide mixtures involves an on-line quantitative
permethylation preceding capillary reversed-phase LC/MALDI-
tandem MS. Permethylated glycans are very suitable for LC/MS
at high-sensitivity using either MALDI or ESI mode. Numerous
isomers can be adequately resolved through LC after permethy-
lation.

The studies on microfluidic analytical systems initiated for
the benefits of genomic, proteomic and cellular microanalysis
are likely to find their parallels in glycoproteomics and func-
tional glycomics. There are recent indications of considerable
promise in this direction.

Acknowledgements

The authors acknowledge financial supports through by Grant
No. (GM24349) from the National Institute of General Medi-
cal Sciences, U.S. Department of Health and Human Services,
a grant from the Indiana 21st Century Research and Technol-
ogy Fund, and the National Center for Glycomics and Glyco-
proteomics, funded by by NIH-National Center for Research
Resources (NCRR).

References

[1] C. Auffary, S. Imbeaud, M. Roux-Rouquie, L. Hood, Compt. Rend. Biol.
326 (2003) 879.
[2] T. Ideker, Nat. Biotechnol. 22 (2003) 473.
[3] D.B. Kell, S.G. Oliver, Bioessays 26 (2004) 99.
[4] H. Kitano, Science 295 (2002) 1662.
[5] C.E Stevens, Curr. Biol. 14 (2004) R51.
[6] J. van der Greef, P. Stroobant, R. van der Heijden, Curr. Opin. Chem.
Biol. 8 (2004) 559.
[7]1 A. Varki, R.D. Cummings, H. Freeze, G. Hart, J. Marth, Essentials of
Glycobiology, Cold Spring Harbor Laboratory, New York, 1999.
[8] J. Knowles, G. Gromo, Nat. Rev. 2 (2003) 63.
[9] H.C. Kolb, B. Ernst, Pure Appl. Chem. 69 (1997) 1879.
[10] Y. Mechref, M. V. Novotny, Chem. Rev. 102 (2002) 321.
[11] M.J. Huddleston, M.F. Bean, S.A. Carr, Anal. Chem. 65 (1993) 877.
[12] M. Wilm, G. Neubauer, M. Mann, Anal. Chem. 68 (1996) 527.
[13] K.F. Medzihradszky, D.A. Maltby, S.C. Hall, C.A. Settineri, A.L.
Burlingame, J. Am. Soc. Mass Spectrom. 5 (1994) 350.
[14] M.A. Ritchie, A.C. Gill, M.J. Deery, K. Lilley, J. Am. Soc. Mass Spec-
trom. 13 (2002) 1065.
[15] Y. Mechref, J. Muzikar, M.V. Novotny, Electrophoresis 26 (2005) 2034.
[16] R.J. Anderegg, D.S. Wagner, R.K. Blackburn, G.J. Opiteck, J.W. Jorgen-
son, J. Protein Chem. 16 (1997) 523.
[17] C.R. Evans, J.W. Jorgenson, Anal. Bioanal. Chem. 378 (2004) 1952.
[18] S.P. Gygi, B. Rist, T.J. Griffin, J. Eng, R. Aebersold, J. Proteome Res. 1
(2002) 47.
[19] G.M. Janini, T.P. Conrads, T.D. Veenstra, H.J. Issaq, J. Chromatogr. B
787 (2003) 43.
[20] M.P. Washburn, D. Wolters, J.R.I. Yates, Nat. Biotech. 19 (2001) 242.
[21] D.A. Wolters, M.P. Washburn, J.R.I. Yates, Anal. Chem. 73 (2001) 5683.
[22] M.V. Novotny, Methods Enzymol. 270 (1996) 101.
[23] M.V. Novotny, Methods Enzymol. 271 (1996) 319.



Y. Mechref, M.V. Novotny / J. Chromatogr. B 841 (2006) 65-78 77

[24] M.V. Novotny, J. Chromatogr. B 689 (1997) 55.

[25] M.V. Novotny, Y. Mechref, J. Sep. Sci. 28 (2005) 1956.

[26] M.V. Novotny, J. Sudor, Electrophoresis 14 (1993) 373.

[27] M. Stefansson, M.V. Novotny, in: R. Townsend (Ed.), Techniques in Gly-
cobiology, Marcel Dekker Inc., New York, 1994.

[28] Y.C. Lee, J. Chromatogr. A 720 (1996) 137.

[29] Z. El Rassi, J. Chromatogr. A 720 (1996) 93.

[30] S. Hase, J. Chromatogr. A 720 (1996) 173.

[31] S. Honda, J. Chromatogr. A 720 (1996) 183.

[32] A. Paulus, A. Klockow, J. Chromatogr. A 720 (1996) 353.

[33] M. Hong, H. Soini, A. Baker, M.V. Novotny, Anal. Chem. 70 (1998) 3590.

[34] H. Soini, M. Stefansson, M.-L. Riekkola, M.V. Novotny, Anal. Chem. 66
(1994) 3477.

[35] AJ. Alpert, J. Chromatogr. 499 (1990) 177.

[36] S.C. Churms, J. Chromatogr. A 720 (1996) 75.

[37] H. Birrell, J. Charlwood, I. Lynch, S. North, P. Camilleri, Anal. Chem.
71 (1999) 102.

[38] J. Charlwood, H. Birrell, A. Organ, P. Camilleri, Rapid Commun. Mass
Spectrom. 13 (1999) 716.

[39] W. Morelle, G. Strecker, J. Chromatogr. B 706 (1998) 101.

[40] K.A. Thomsson, H. Karlsson, G.C. Hansson, Anal. Chem. 72 (2000)
4543.

[41] G.R. Guile, PM. Rudd, D.R. Wing, S.B. Prime, R.A. Dwek, Anal.
Biochem. 240 (1996) 210.

[42] PM. Rudd, T.S. Mattu, S. Masure, T. Bratt, PE. van den Steen, M.R.
Wormald, B. Kuster, D.J. Harvey, N. Borregaard, J. van Damme, R.A.
Dwek, G. Opdenakker, Biochemistry 38 (1999) 13937.

[43] PM. Rudd, M.R. Wormald, D.J.D. Harvey, M.M.S.B. McAlister, M.H.
Brown, S.J. Davis, A.N. Barclay, R.A. Dwek, Glycobiology 9 (1999)
443,

[44] M. Taverna, N.T. Tran, C. Valentin, O. Level, T. Merry, H.V.J. Kolbe, D.
Ferrier, J. Biotech. 68 (1999) 37.

[45] M. Wuhrer, C.A.M. Koeleman, M. DA, C.H. Hokke, Anal. Chem. 76
(2004) 833.

[46] Y. Xie, J. Liu, J. Zhang, J.L.. Hedrick, C.B. Lebrilla, Anal. Chem. 76
(2004) 5186.

[47] J.Zhang,L.L. Lindsay, J.L. Hedrick, C.B. Lebrilla, Anal. Chem. 76 (2004)
5990.

[48] J. Zhang, Y. Xie, J.L. Hedrick, C.B. Lebrilla, Anal. Biochem. 334 (2004)
20.

[49] J.M. Holmen, N.G. Karlsson, L.H. Abdullah, S.H. Randell, J.K. Sheehan,
G.C. Hansson, C.W. Davis, Am. J. Physiol. 287 (2004) L824.

[50] L.J. Robinson, G.N. Karlsson, A.S. Weiss, N.H. Packer, J. Proteome Res.
2 (2003) 556.

[51] B.L. Schulz, D. Oxley, N.H. Packer, G.N. Karlsson, Biochem. J. 366
(2002) 511.

[52] S.Itoh, N. Kawasaki, N. Hashii, A. Harazono, Y. Matsuishi, T. Hayakawa,
T. Kawanishi, J. Chromatogr. A 1103 (2006) 296.

[53] N.L. Wilson, B.L. Schulz, G.N. Karlsson, N.H. Packer, J. Proteome Res.
1(2002) 521.

[54] G.N. Karlsson, N.L. Wilson, H.-J. Wirth, P. Dawes, H. Joshi, N.H. Packer,
Rapid Commun. Mass Spectrom 18 (2004) 2282.

[55] 1.J. Conboy, J.D. Henion, Biol. Mass Spectrom. 21 (1992) 397.

[56] J.J. Conboy, J.D. Henion, M.W. Martin, J.A. Zweigenbaum, Anal. Chem.
62 (1990) 800.

[57] R.C. Simpson, C.C. Fenselau, M.R. Hardy, R.R. Townsend, Y.C. Lee,
R.J. Cotter, Anal. Chem. 62 (1990) 248.

[58] N. Torto, A.J.P. Hofte, R.A.M. van der Hoeven, U.R. Tjaden, L. Gorton,
G. Marko-Varga, C. Bruggink, J. van der Greef, J. Mass Spectrom. 33
(1998) 334.

[59] R.A.M. van der Hoeven, A.J.P. Hofte, U.R. Tjaden, J. van der Greef, N.
Torto, L. Gorton, G. Marko-Varga, C. Bruggink, Rapid Commun. Mass.
Spectrom. 12 (1998) 69.

[60] S.L. Delinger, J.M. Davis, Anal. Chem. 64 (1992) 1947.

[61] S.EY. Li, Capillary Electrophoresis. Principles, Practice and Applica-
tions, Elsevier, Amsterdam, 1992.

[62] J. Liu, V. Dolnik, Y.-Z. Hsieh, M.V. Novotny, Anal. Chem. 64 (1992)
1328.

[63] J.Liu, O. Shirota, D. Wiesler, M.V. Novotny, Proc. Natl. Acad. Sci. U.S.A
88 (1991) 2302.
[64] J. Liu, O. Shirota, M. Novotny, J. Chromatogr. A 559 (1991) 223.
[65] J. Liu, O. Shirota, M.V. Novotny, Anal. Chem. 64 (1992) 973.
[66] C. Chiesa, R.A. O’Neill, Electrophoresis 15 (1994) 1132.
[67] M. Stefansson, M. Novotny, Carbohydr. Res. 258 (1994).
[68] M. Stefansson, M.V. Novotny, Anal. Chem. 66 (1994) 1134.
[69] A. Klockow, H.M. Widmer, R. Amado, A. Paulus, Fresenius J. Anal.
Chem. 350 (1994) 415.
[70] A. Klockow, R. Amado, H.M. Widmer, A. Paulus, J. Chromatogr. A 716
(1995) 241.
[71] A. Klockow, R. Amado, HM. Widmer, A. Paulus, Electrophoresis 17
(1996) 110.
[72] A. Guttman, C.M. Starr, Electrophoresis 16 (1995) 993.
[73] A. Guttman, T. Pritchett, Electrophoresis 16 (1995) 1906.
[74] E-T. Chen, R.A. Evangelista, Electrophoresis 19 (1998) 2639.
[75] R.A. Evangelista, F.-T. Chen, A. Guttman, J. Chromatogr. A 745 (1996)
273.
[76] A. Guttman, Electrophoresis 18 (1997) 1136.
[77] A.Guttman, F.-T. Chen, R.A. Evangelista, Electrophoresis 17 (1996) 412.
[78] A. Guttman, S. Herrick, Anal. Biochem. 235 (1996) 236.
[79] H. Suzuki, O. Mueller, A. Guttman, B.L. Karger, Anal. Chem. 69 (1997)
4554.
[80] S. Ma, W. Nashabeh, Anal. Chem. 71 (1999) 5185.
[81] A. Guttman, Nature 380 (1996) 461.
[82] S. Honda, J. Okeda, H. Iwanaga, S. Kawakami, A. Taga, S. Suzuki, K.
Imai, Anal. Biochem. 286 (2000) 99.
[83] N. Matsubara, S. Terabe, Methods Enzymol. 270 (1996) 319.
[84] M. Stefansson, M.V. Novotny, J. Am. Chem. Soc. 115 (1993) 11573.
[85] P. Camilleri, G.B. Harland, G. Okafo, Anal. Biochem. 230 (1995) 115.
[86] G.B. Harland, G. Okafo, P. Matejtschuk, I.C. Sellick, G.E. Chapman, P.
Camilleri, Electrophoresis 17 (1996) 406.
[87] K.M. Hutterer, H. Birrell, P. Camilleri, J.W. Jorgenson, J. Chromatogr. B
745 (2000) 365.
[88] G. Okafo, L.M. Burrow, S.A. Carr, G. Roberts, W. Johnson, P. Camilleri,
Anal. Chem. 68 (1996) 4424.
[89] N.T. Tram, M. Taverna, F.S. Deschamps, P. Morin, D. Ferrier, Elec-
trophoresis 19 (1998) 2630.
[90] A. Zamfir, J. Peter-Katalinic, Electrophoresis 25 (2004) 1949.
[91] K. Sandra, J. van Beeumen, I. Stals, P. Sandra, M. Claeyssens, B.
Devreese, Anal. Chem. 76 (2004) 5878.
[92] K. Sandra, B. Devreese, I. Stals, M. Claeyssens, J. van Beeumen, J. Am.
Soc. Mass Spectrom. 15 (2004) 413.
[93] A. Palm, M. V. Novotny, Anal. Chem. 69 (1997) 4499.
[94] A. Que, M. V. Novotny, Anal. Bioanal. Chem. 375 (2003) 599.
[95] A.H. Que, Y. Mechref, Y. Huang, J.A. Taraszka, D.E. Clemmer, M.V.
Novotny, Anal. Chem. 75 (2003) 1684.
[96] A.H. Que, M.V. Novotny, Anal. Chem. 74 (2002) 5184.
[97] Y. Mechref, P. Chen, M.V. Novotny, Glycobiology 9 (1999) 227.
[98] T.J. Tegeler, Y. Mechref, K. Boraas, J.P. Reilly, M.V. Novotny, Anal.
Chem. 76 (2004) 6698.
[99] W. Muhlecker, S. Gulati, D.P. McQuillen, S. Ram, P.A. Rice, V.N. Rein-
hold, Glycobiology 9 (1999) 157.
[100] V.N. Reinhold, D.M. Sheeley, Anal. Biochem. 259 (1998) 28.
[101] D.M. Sheeley, V.N. Reinhold, Anal. Chem. 70 (1998) 3053.
[102] N. Viseux, E. de Hoffmann, B. Domon, Anal. Chem. 69 (1997) 3193.
[103] N. Viseux, E. de Hoffmann, B. Domon, Anal. Chem. 70 (1998) 4951.
[104] A.S. Weiskopf, P. Vouros, D.J. Harvey, Rapid Commun. Mass Spectrom.
11 (1997) 1493.
[105] A.S. Weiskopf, P. Vouros, D.J. Harvey, Anal. Chem. 70 (1998) 4441.
[106] A.G. Baker, A. Alexander, M. V. Novotny, Anal. Chem. 71 (1999) 2945.
[107] Y. Mechref, A.G. Baker, M.V. Novotny, Carbohydr. Res. 313 (1998)
145.
[108] U. Lewandrowski, A. Resemann, A. Sickmann, Anal. Chem. 77 (2005)
3274.
[109] Y. Mechref, M.V. Novotny, C. Krishnan, Anal. Chem. 75 (2003) 4895.
[110] W.Morelle, M.-C. Slomianny, H. Diemer, C. Schaeffer, A. van Dorsselaer,
J.-C. Michalski, Rapid Commun. Mass Spectrom 18 (2004) 2637.



78 Y. Mechref, M.V. Novotny / J. Chromatogr. B 841 (2006) 65-78

[111] E. Spina, L. Sturiale, D. Romeo, G. Impallomeni, D. Garozzo, D.
Waidelich, M. Glueckmann, Rapid Commun. Mass Spectrom. 18 (2004)
392.

[112] E. Stephens, S.L. Maslen, L.G. Gree, D.H. Williams, Anal. Chem. 76
(2004) 2343.

[113] Y. Mechref, P. Kang, M.V. Novotny, Rapid Commun. Mass Spectrom 20
(2006) 1381.

[114] T. Solouki, B.B. Reinhold, C.E. Costello, M. O’Malley, S. Guan, A.G.
Marshall, Anal. Chem. 70 (1998) 857.

[115] K. Hakansson, H.J. Cooper, M.R. Emmett, C.E. Costello, A.G. Marshall,
C.L. Nilsson, Anal. Chem. 73 (2001) 4530.

[116] K. Hakansson, M.J. Chalmers, J.P. Quinn, M.A. McFarland, C.L. Hen-
drickson, A.G. Marshall, Anal. Chem. 75 (2003) 3256.

[117] J. Zhang, K. Schubothe, B. Li, S. Russell, C.B. Lebrilla, Anal. Chem. 77
(2005) 208.

[118] H. Tang, Y. Mechref, M.V. Novotny, Bioinformatics 21 (2005) i431.

[119] 1. Ciucanu, F. Kerek, Carbohydr. Res. 131 (1984) 209.

[120] I. Ciucanu, C.E. Costello, J. Am. Chem. Soc. 125 (2003) 16213.

[121] J. Delaney, P. Vouros, Rapid Commun. Mass Spectrom 15 (2001) 325.

[122] S.-I. Hakomori, J. Biochem. 55 (1964) 205.

[123] P. Kang, Y. Mechref, M.V. Novotny, Rapid Commun. Mass Spectrom 19
(2005) 3421.

[124] Y. Huang, T. Konse, Y. Mechref, M.V. Novotny, Rapid Commun. Mass
Spectrom 16 (2002) 1199.

[125] N. Buggraf, B. Krattiger, A.J. de Mello, N.F. de Rooij, A. Manz, Analyst
123 (1998) 1443.

[126] J.C. Fanguuy, C.S. Henry, Analyst 127 (2002) 1021.

[127] C.-G. Fu, Z.-L. Fang, Anal. Chim. Acta 422 (2000) 71.

[128] N.E. Hebert, W.G. Kuhr, S.A. Brazill, Electrophoresis 23 (2002)
3750.

[129] M.A. Schwarz, B. Galliker, K. Fluri, T. Kappes, P.C. Hauser, Analyst 126
(2001) 147.

[130] S. Suzuki, Y. Ishida, A. Taga, A. Arai, H. Nakanishi, S. Honda, Elec-
trophoresis 24 (2003) 3828.

[131] F. Dang, L. Zhang, H. Hagiwara, Y. Mishina, Y. Baba, Electrophoresis 24
(2003) 714.

[132] F. Dang, L. Zhang, M. Jabasini, N. Kaji, Y. Baba, Anal. Chem. 75 (2003)
2433.

[133] S. Suzuki, N. Shimotsu, S. Honda, A. Arai, H. Nakanishi, Electrophoresis
22 (2001) 4023.

[134] H. Yin, K. Killeen, R. Brennen, D. Sobek, M. Werlich, T. van de Goor,
Anal. Chem. 77 (2005) 527.

[135] N. Callewaert, R. Contreas, L. Mitnik-Gankin, L. Carey, P. Matsudaira,
D. Ehrlich, Electrophoresis 25 (2004) 3128.

[136] N. Callewaert, H. van Vlierberghe, A. van Hecke, W. Laroy, J. Delanghe,
R. Contreas, Nat. Med. 10 (2004) 429.

[137] M. Ninonuevo, H. An, H. Yin, K. Killeen, R. Grimm, R. Ward, B. German,
C. Lebrilla, Electrophoresis 26 (2005) 3641.



	Miniaturized separation techniques in glycomic investigations
	Introduction
	Chromatographic methodologies
	Nano-LC with hydrophilic columns
	Nano-LC with graphitized carbon packings
	Anion-exchange chromatography-mass spectrometry

	Electromigration approaches in glycomics
	Capillary electrophoresis
	Capillary zone electrophoresis
	Micellar electrokinetic chromatography (MEKC)
	Capillary zone electrophoresis-mass spectrometry (CZE-MS)

	Capillary electrochromatography

	Capillary LC/MALDI-TOF/TOF mass spectrometry: a general platform for functional glycomic investigations
	Chip-based approaches
	Conclusions
	Acknowledgements
	References


