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Carbohydrates are central players in a number of important
biological processes including cell signaling, cell adhesion,

and the regulation of biochemical pathways. Unlike nucleic
acids and proteins, the biosynthesis of carbohydrates is not
template-driven. They occur in nature as heterogeneous
mixtures, often of high complexity. There is no method for
amplifying the amount of a carbohydrate analogous to
overexpression for proteins or polymerase chain reaction for
nucleic acids, and so carbohydrate analysis is typically limited to
what can be obtained from natural sources, thus the researcher
must cope with small quantities of heterogeneous material.
Mass spectrometry has high sensitivity, is tolerant of mixtures,
and is a natural choice for the analysis of this class of molecules.
Compared to advances in protein analysis, progress in the

application of mass spectrometry to carbohydrates has evolved
somewhat slowly, principally because carbohydrates are a more
challenging set of targets for structural characterization. In

contrast to proteins, there is no database containing an
inclusive and closed set of sequences representing all possible
carbohydrate structures. The characterization of carbohydrates
relies upon obtaining the full details of structure from the mass
spectrum. Subtle differences due to isomerism or chirality can
produce molecules with very different biological activities,
making complete structural analysis even more demanding.
Mass spectrometry methodologies and technologies for

biomolecule analysis continue to rapidly evolve and improve,
and these developments have benefited carbohydrate analysis.
These developments include approaches for improved
ionization, new and improved methods of ion activation,
advances in chromatographic separations of carbohydrates, the
hybridization of ion mobility and mass spectrometry, and better
software for data collection and interpretation. It thus seems
timely to examine how these developments affect carbohydrate
analysis. This review covers developments in the application of
mass spectrometry to the analysis of carbohydrates, with an
emphasis on work that has occurred from January 2011 through
October 2013. The coverage is not meant to be exhaustive but
rather focuses on significant developments that, in the opinion
of the authors, have advanced the field.

■ IONIZATION

The most widely used ionization methods for oligosaccharides
are matrix assisted laser desorption/ionization (MALDI)1 and
electrospray ionization (ESI).2 They impart little energy to the
sample, producing less fragmentation during the ionization
process compared to methods previously used for ionization of
carbohydrates, such as fast atom bombardment (FAB). Ions can
be generated either in positive or negative ion mode, depending
on the nature of the sample. Oligosaccharides containing acidic
groups (sulfate, carboxylate, or phosphate) are readily analyzed
using negative ion mode. Both ionization modes are used for
native oligosaccharides. Chemical methylation (permethyla-
tion) of −OH, −NH2, and −COOH groups in which a
hydrogen atom is replaced with a methyl group enables
uniform ionization for both acidic and basic oligosaccharides.3

Methylation improves LC analysis by reducing the polarity of
glycans, making their separation more reproducible and
quantitative. Derivatized oligosaccharides display different
fragmentation patterns by MS/MS analysis compared to their
underivatized counterparts. Alkali adducted methylated oligo-
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saccharides produce both glycosidic and cross-ring fragments
by MS/MS, yielding fine structural details.4−10

MALDI Analysis. To generate ions by MALDI, the sample
is dissolved by an organic solvent, mixed with a solution of a
matrix, dried, and then spotted on a MALDI target. The dry
mixture spot is then irradiated using a ultraviolet laser, and the
matrix absorbs and transfers some of the energy to the analyte
which ionizes.11 Detailed information about the application of
MALDI to glycan analysis, including matrixes that are of
particular use for carbohydrates, can be found in a
comprehensive review by Harvey.11 MALDI, compared to
ESI, has higher sensitivity for glycans, ionizes well even at
higher mass range, and is more tolerant to contaminants.
Spectra from this method are less complex than ESI spectra
because a majority of ions generated in both negative and
positive mode are singly charged through protonation or
deprotonation. Singly charged ions are also formed as adducts
with alkali or alkaline earth metals, and these kind of ions have
been found to generate useful fragment ions during tandem
mass spectrometry analysis.4 MALDI imparts more internal
energy into the analyte than does ESI and can cause in-source
fragmentation of labile groups such as sulfates, phosphates, or
sialic acids.
Permethylation (described above) stabilizes the labile bonds

of acidic groups in glycans and glycosylated peptides making
them more amenable to MALDI ionization. It is difficult to
couple MALDI with online separation techniques, as methods
utilizing liquid matrixes have been reported, but have not been
found to have sufficient sensitivity or practicability. However
oligosaccharides can be separated offline and subsequently
analyzed by MALDI.5,6,9 Recently several research groups have
developed methods aimed at improving MALDI ionization and
some of them are highlighted here. Incorporating salts that
contain anions such as NO3

− and Cl− was recently found to
improve ionization of neutral N-glycans in negative ion mode
and to generate structurally informative product ions upon
tandem mass spectrometry.12 Other anion complexes, such as
I− and HSO4

−, produce abundant [M + anion]− peaks but do
not yield useful fragments.
The choice of the matrix has a profound effect on the type of

ions that are generated by MALDI.13 Conventional MALDI
relies on dried droplet and thin layer methods to generate ions.
Recent work has shown that incorporating diamond nano-
particles (DNPs) into the matrix can assist in enhancing the
underivatized carbohydrate signal even in the presence of
protein.14 These results were obtained by sandwiching the
DNPs between the matrix and the sample containing a 1:1
mixture of protein and carbohydrate (see Figure 1).14

Improved sensitivity, better quantitation, and more structur-
ally useful tandem mass spectra of N-glycans have been
obtained through labeling using on-target methods, for
example, by reductive amination using 3-aminoquinoline.15

Anion doped liquid matrixes have also been found to improve
the sensitivity of N-glycans.16 A frozen aqueous mixture of
carbohydrate and matrix has also been found to improve
MALDI spectra. An aqueous/acetonitrile solution of the
carbohydrates and 2,5- dihydroxybenzoic acid matrix frozen
at 100 K was ionized by UV-MALDI.17 Enhanced sensitivity
and reduced fragmentation from post source decay of
oligosaccharides was observed when using the frozen mixture
compared to the conventional dry matrix.17

ESI Analysis. With ESI, analyte ions are generated by
passing a dilute solution (1−10 μM) through a thin diameter

needle placed near the MS inlet capillary, at a potential of 1−4
kV. The potential difference between the tip and the capillary
generates fine charged droplets, and then drying gas and high
temperature vaporize the solvent from the ions as they are
aspirated into the mass spectrometer.18 Both positive and
negative ions can be generated using this method, and multiple
charging is generally observed. The pH of the sample and the
presence of salts have a profound influence on the formation of
molecular ions and their anionic or cationic adducts. ESI
couples well with online liquid flow separation methods like
HPLC or capillary electrophoresis (CE) techniques.
Generally, ESI sensitivity decreases as the mass of the glycan

increases. Conventional ESI is known to be less effective for
neutral oligosaccharides due to poor ionization efficiency.
Smaller sized droplets obtained in both static or flow
nanoelectrospray increase the sensitivity and show increased
tolerance to salts and other contaminants compared to
conventional electrospray.4,19 Permethylation and reducing
end modifications such as reductive amination and hydrazine
tagging helps in LC separations and improves the sensitivity for
both neutral and acidic oligosaccharides. Permethylation also
enables acidic oligosaccharides to be analyzed in positive mode
where they are detected as metal adducts.7,20

Derivatization of N-linked gycans using hydrophobic
reagents via hydrazone formation have been shown to increase
detection sensitivity21 and improve the efficiency of chromato-
graphic separations. A simple and faster methylation method
for heparin disaccharides that overcomes some of the
challenges associated with the current glycosaminoglycans
methylation procedure was recently reported.22 The addition
of ionic liquids 2,5-dihydroxybenzoic acid butylamine (DHBB)
and α-cyano-4-hydroxycinnamic acid butylamine (CHCAB)
have been found to enhance the ESI mass spectra of
maltotriose polysaccharides.23

■ ION ACTIVATION
The fine details of oligosaccharide structure may have a
profound effect upon their biological function. Progress has

Figure 1.Mass spectra of 5 pmol each of dextran and ACTH fragment
18−39 obtained from various samples, including (a) dried-droplet, (b)
thin-layer, and (c) trilayer samples. The numbers indicate the degrees
of polymerization (n) of sodiated dextran. Reprinted from ref 14.
Copyright 2013 American Chemiscal Society.
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been slow in obtaining these structural details using tandem
mass spectrometry due to the heterogeneity and structural
complexity of naturally occurring carbohydrates, a result of
their nontemplate driven biosynthesis. Recent developments in
ionization and fragmentation methods are revealing more
details about oligosaccharides structure, thus increasing the
understanding of these essential biomolecules.5,6,10,24−26

For the purpose of mass spectrometry analysis, oligosacchar-
ides are most often ionized by electrospray ionization (ESI) or
matrix assisted laser desorption ionization (MALDI). Composi-
tional information can be derived from a single stage of MS,
particularly with a high-resolution, accurate mass measurement.
The details of the structures of oligosaccharide molecules are
obtained by tandem mass spectrometry (MS/MS or MSn). In
tandem mass spectrometry, a molecular ion is selected by a first
stage of MS, undergoes activation and fragmentation, and the
product ions are analyzed to provide information about the
sequence, monosaccharide compositions, linkages, and loca-
tions of various modifications.5,6,10,24,25 MSn approaches can
distinguish closely related isomeric structures, for example,
those that vary by linkage positions.27 Such an approach to
structure analysis requires considerable expertise in selecting
the appropriate product ions for further stages of tandem mass
spectrometry, which has hindered the widespread application of
MSn for carbohydrates. However, there are efforts underway to
automate this approach for high-throughput applications.28

Low-Energy Fragmentation. There are two broad
categories of tandem mass spectrometry techniques that have
been applied to oligosaccharide analysis.29−34 The first category
is comprised of threshold activation methods, including low
energy collision induced dissociation (CID)29 and infrared
multiphoton dissociation (IRMPD).30 CID is the most
commonly employed fragmentation method and has been
implemented on many different MS platforms. However, CID
ruptures the weakest bonds (also true for IRMPD), which can
be detrimental to glycopeptides analysis or for the analysis of
oligosaccharides with labile modifications. Recently, methods
have been developed that can improve the utility of this
method by modifying the ESI spray solutions, derivatization, for
example, by methylation or acetylation and also coupling the
labile groups with metals.26,35−38

Low-energy CID fragmentation of positively charged ions,
particularly native N-linked glycans, favor glycosidic fragmenta-
tion and may cause residue rearrangement which can lead to
the wrong structural assignment.39 Metal adducted oligosac-
charides ions do not undergo rearrangement and provide more
fragment ions, including cross-ring fragments which provide
more detailed information about the oligosaccharides.10,39 For
gangliosides, both negative and positive precursor ions provide
extensive fragmentation that complement each other.8,40

Negative ionization and MS/MS has also been shown to
produce informative fragment ions for acidic biomolecules
especially glycosaminoglycans and other acidic glycans

Figure 2. (a) FTICR negative-ion mass spectrum of 5.80-kDa MR fraction by PAGE with 18 isobars and 63 parent ions. (b) Deconvolution of
spectrum in part a. (c) CID-FTICR-MS/MS spectra of parent-ion m/z = 917.38 (z = 6) and annotated fragment-ions providing sequence with dp27-
5-Ser fragmentation pattern assigned from spectrum. Reprinted with permission from Ly, M.; Leach, F. E., III; Laremore, T. N.; Toshihiko, T.;
Amster, I. J.; Linhardt, R. J. Nat. Chem. Biol. 2011, 7, 827−833 (ref 59). Copyright 2011 Nature Publishing Group.
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containing sialic acids.41 For underivatized neutral oligosac-
charides, fragment ions obtained from positive and negative
mode may complement each other, enhancing structural
assignment.42,43

Electron Aided Fragmentation. A second category of ion
activation is electron based methods.31,32 These methods entail
the transfer of an electron to or from a selected multiply
charged molecular ion, yielding a radical ion which then
undergoes fragmentation. These methods are gaining attention
because they often result in backbone fragments that give
detailed structural information about peptidoglycans and
oligosaccharides, at the same time preserving labile modifica-
tions that would otherwise be lost using threshold methods.
These methods include electron capture dissociation (ECD),31

electron transfer dissociation (ETD),33 electron detachment
dissociation (EDD),32 negative electron transfer dissociation
(NETD),34 and negative ion electron capture dissociation
(niECD).44 EDD and NETD are suited for multiply charged
negative ions especially from acidic oligosaccharides or
glycopeptides.45−49 ECD and ETD are used to fragment
multiply positively charged ions, and they have been useful for
mapping sites of glycosylation from glycopeptides by producing
backbone fragments while retaining the glycan within the
peptide chain.50,51 niECD is a recently reported electron based
fragmentation method in which negatively charged ions capture
∼5 eV electrons and increase their charge state, in contrast to
the aforementioned methods of EDD, NETD, ECD, and ETD,
which lead to a reduction in charge state. The presence of
charge-increased ions confirms electron capture, and these
radical ions initiate fragmentation similar to the ones observed
in ECD/ETD. This method requires a zwitterionic structure,
presumably for electron capture by the positively charged
region of the ion. niECD produces extensive backbone
fragmentation and has been applied to characterize peptides44

including O-sulfopeptides.52 Although it has not yet been
applied to carbohydrates, it would appear to have utility for
negatively charged oligosaccharides, such as glycosaminogly-
cans.
The Domon and Costello nomenclature53 is widely accepted

as a convenient way to present the details of carbohydrate
fragmentation. Two major types of product ions are produced
by the fragmentation of oligosaccharides, those resulting from
glycosidic fragmentation (B, Y, C, and Z) and those from cross-
ring fragmentation (A and X). The ions that retain charge on
the reducing end are X, Y, and Z while the ones that retain the
charge on the nonreducing end are A, B, and C. Internal
fragments may also be produced, but these are generally less
informative regarding structure. A complete set of glycosidic
fragments give details about the sequence, monosaccharide
compositions, and branching while cross-ring fragments locate
modifications and determine the position of glycosidic linkage
within individual residues.10

Several recent reviews address tandem mass spectrometry of
oligosaccharides5,10,24,54 and specific classes of oligosaccharides,
such as GAGs,55 glycopeptides,56 O- and N-linked gly-
cans,9,25,26,57 and milk oligosaccharides.58 This section of the
review will highlight some of the recent developments in ion
activation methods for the last 2 years.
MS/MS of GAGs. Glycosaminoglycan (GAG) sequencing

has predominantly relied on tandem mass spectrometry of
short GAG chains resulting from enzymatic or chemical
depolymerization (bottom-up). Recently, the first top-down
MS/MS assignment of intact glycan chains from a GAG

proteoglycan was obtained using FTICR and FT-orbitrap data
(see Figure 2).59 The O-linked glycans were released from the
proteoglycan, bikunin. These full-length glycans are a complex
mixture, which have been characterized previously by mass
spectrometry and were known to have a modest degree of
polymerization (dp20-dp45) and a low degree of sulfation.60

The glycan mixture was resolved partially by capillary gel
electrophoresis, and the fractions were amenable to MS/MS
analysis. One of the interesting observations was that CID
yielded useful MS/MS data, contrary to the general observation
for a GAG glycan.
This was a result of the low degree of sulfation, which

allowed the charge state of each precursor to be greater than
the number of sulfo modifications within a chain. A particularly
surprising result of this analysis is that each composition yielded
a single sequence and that there was a conserved pattern of
sulfation modifications among all the glycan chains that were
examined. This was unexpected since it was believed that GAGs
modifications take place in a random manner during their
biosynthesis. This important work provides scientists and
medical researchers with a new understanding of these vital
biomolecules.59

It is believed that a similar approach may be applied to other
more complex GAGs to learn whether they also exhibit a
simple pattern of sulfate and acetyl modifications. However,
more complex chains would pose challenges in separation and
CID analysis due to the presence of a greater number of
compositions, a higher degree of polymerization, a higher level
of sulfation, and more alkali metal−hydrogen heterogeneity.
Having more compositions with close structural features will
introduce separation issues, while higher sulfation often leads to
unproductive SO3 loss. Higher alkali metal−hydrogen hetero-
geneity will lead to reduction of signal and isolation issues due
to overlap of multiple peaks within the spectrum. Previous
reports have shown that having charge state equal or higher
than the number of sulfates affords structural informative
fragments and reduces SO3 loss.

47,61

Another biologically relevant aspect of GAG structure is the
C5 uronic acid stereochemistry. There have been a number of
studies directed at determining uronic acid stereochemistry in
different classes of GAGs from their MS/MS data. EDD was
found to produce unique fragments for distinguishing
glucuronic acid (GlcA) from iduronic acid (IdoA) in heparan
sulfate tetrasaccharides.46 In a more recent work, EDD was
combined with principal component analysis (PCA) and used
to differentiate the uronic acid stereochemistry of four synthetic
heparan sulfate GAG diastereomers, varying only in the uronic
acid C5 stereochemistry. The developed method explored the
possibility of using PCA to quantitate the abundance of two
epimers in a binary mixture.62 CID has also been used for
distinguishing chondroitin sulfate A (CS-A) and dermatan
sulfate (DS), which differ only by their uronic acid stereo-
chemistry.63 More recent CID work utilizing MS3 showed that
glycosidic fragments were more diagnostic of uronic acid
stereochemistry than the ones obtained by MS/MS.64 EDD
fragmentation in combination with statistical analysis has also
been used to establish unique product ions for distinguishing
GlcA from IdoA.65 These analytical methods could potentially
be utilized to assign uronic acid stereochemistry of CS or DS
oligomers and to quantify the relative amount of each in the
mixture.
Even with many ion activation methods for biologically

useful glycosaminoglycans (GAGs), the structural character-

Analytical Chemistry Review

dx.doi.org/10.1021/ac403969n | Anal. Chem. XXXX, XXX, XXX−XXXD



ization of highly sulfated heparin and heparan sulfate has lagged
behind other classes of GAGs due to the increased lability of
sulfo modifications as the number of such modifications
increases in GAG oligomers.66 Increasing the deprotonation
of the sulfate groups helps to stabilize them during ion
activation, but for densely sulfated GAGs charge−charge
repulsion prevents the possibility of ionizing every sulfate
groups. Another way to stabilize these acidic groups is to
replace protons with metal cations, but until recently, such an
approach has had only moderate success in improving MS/MS
data.36 Recently, both charging and Na+/H+ exchange was used
to ionize all the acidic groups within the highly sulfated
pentasaccharide, Arixtra,37 as well as in longer, highly sulfated
GAGs oligomers.67 Full deprotonation of the ionizable groups
(sulfates and carboxylates) was found to make the sulfate
modification stable during CID experiments, producing
complete sets of both glycosidic and cross-ring fragment ions
which located all SO3 modifications within the highly sulfated
chains. This approach will be useful for other highly sulfated
GAGs, such as those with specific protein binding behavior.
EDD has been proven to be also very useful for analysis of N-

glycans and other oligosaccharides.48 EDD of chloride-
adducted neutral and sialylated species was found to generate
more cross-ring and glycosidic fragment ions compared to the
ones obtained from EDD of deprotonated molecular ions.49

Positive ion mode electron based methods can also be used for
sulfated glycans. Recent work demonstrated the efficacy of
ECD for sulfated carbohydrates complexed with divalent metal
ions. When complexed with Ca2+, kappa-carrageenan sulfated
oligosaccharides containing one to four sulfate groups produced
fragment ions that established the position of the sulfates within
the chain residues.68

Photodissociation. Ultraviolet photodissociation (UVPD)
has been shown to be useful for fragmenting sialylated
oligosaccharides and other glycans.69 Photodissociation at 193
nm in a linear ion trap successfully fragmented deprotonated
sialylated oligosaccharides and glycans from fetuin. Compared
to CID which produced mostly glycosidic fragments, UVPD
produced an extensive series of cross-ring cleavage ions as well
as sialic acid residue triol site specific fragments. Investigation of
the UVPD fragment ions of doubly deprotonated molecular
ions indicated electron photodetachment could be responsible
for the observed extensive fragmentation, similar to electron
based methods.70

MS/MS of Anion Complexes. In contrast to negatively
charged ions, neutral N-glycans have a tendency to produce
positively charged molecular ions that produce mostly
glycosidic fragments and thus do not provide the structural
information required to determine branching. Efforts have
previously been made to generate negative ions from these
molecules using ESI by adding salts with anions that might
complex with a carbohydate, such as ammonium nitrate.9

Nitrates are preferred because of their stability and they have
been found to show better sensitivity than the [M − H]− ions.
In order to tap the benefits associated with both MALDI
ionization and fragmentation of N-glycans in negative
mode,10,71 a more recent work used negative charged anions
like SO4

−, NO3
−, and Cl− to dope the 2,4,6-trihydroxyaceto-

phenone (THAP) MALDI matrix and help to generate
negatively charged molecular ions. CID of these ions on a
MALDI-LIFT-TOF/TOF mass spectrometer generated abun-
dant fragment ions especially from nitrate adducted molecular
ions [M − NO3]

−. During fragmentation, first HNO3 is

eliminated, and the resulting [M − H] − ion fragments to
produce structurally informative ions. The work was applied to
glycans varying in length from dp 7−13, and the results were
comparable to those obtained using ESI-CID on a Q-TOF
instrument.12 In related work, the same method was coupled
with an ion mobility separation which helped with sample clean
up and isomer separation.71

N-Linked and O-Linked Oligosaccharides. Electron-
based activation produces abundant glycosidic and cross-ring
fragments that provide detailed structural information about the
glycans and in addition retains labile modifications such as
sulfation and also retains glycans within glyproteins or
glycopeptides during ion activation. Details of the effect of
electron energy on fragmentation have been previously
reported for glycosaminoglycans,72 and similar efforts have
been applied to other families of glycans. Permethylated
maltoheptaose was used to study the effect of electron energy
on the fragmentation of metal adducted molecular ions. For
electrons having 1.5 eV of kinetic energy, electron capture
dissociation (ECD) took place, while at an intermediate energy
of 9 eV hot ECD (HECD) is observed. Electron excitation
(EED) fragmentation occurred at 14 eV energies. Li+ adducted
molecular ions were found to produce more structural
information than larger metal cations (K+, Rb+, or Cs+) that
produced less informative fragment ions and more metal losses.
Li+ was thus used for the fragmentation of permethylated N-
linked, Man5GlcNAc2 (Man, mannose; GlcNAc, N-acetyl
glucosamine; and EED was able to identify five of six glycosidic
linkage positions and provided more structural information
compared to low energy ECD and CID.73

Blood groups Lea, Lex, Leb, and Ley, which vary in the glycan
modification of the proteins presented on the surface of red
blood cells, have been characterized using tandem mass
spectrometry.43 Recently, a method employing negative ESI
and CID was developed to characterize blood-group A-, B-, and
H- determinants on type 1, type 2, and type 4 globosides. This
work identified 0,2A-type cleavages as diagnostic fragment ions
which are important for assigning blood-group and chain types.
These diagnostic fragments only occur under the negative-ion
conditions for reducing sugars but not for reduced alditols or
under positive-ion conditions. The method is useful for other
reducing free oligosaccharides obtained from polysaccharides
by acid hydrolysis, glycolipids by endoglycoceramidase or by
ozonolysis, or N-glycans released by peptide-N-glycanases or by
hydrazinolysis.74

Milk oligosaccharides have been analyzed using other
methods such as CID and IRMPD.38,75 Recent work which
used ETD compared the results with other activation methods
such as CID and MS3 by combining both CID and ETD in
series on milk oligosaccharides. ETD generated various types of
abundant cross-ring cleavage ions which enabled the
clarification of different linkage types and branching patterns
of the representative milk sugar samples. This work shows that
ETD can contribute substantially to confident structural
analysis of a wide variety of oligosaccharides.50

It is challenging to map the sites of O-linked glycan
modifications within a given peptide or a protein. Most often,
the glycan is cleaved during ion activation, and this hinders the
efforts to locate the modified sites. Using a free electron laser
(FEL) as a tunable IR light source, IRMPD has been used for
the analysis of the protonated O-glycopeptide in which amino
acid fragments b/y and glycan glycosidic fragments B/Y types
were observed in the range of 5.7−9.5 μm. The spectrum of the
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sodiated glycopeptide showed major peaks of photoproducts of
the B/Y type in the range of 8.4−9.5 μm. This work indicates
that a tunable laser can help to generate product ions from both
the peptide and the glycan, thus affording more structural
details from O-glycosylated peptides.76

Combining multiple activation methods with complementary
fragmentation products can increase the information content of
MS/MS data for glycopeptides.77 In a recent study, higher-
energy collisional dissociation (HCD) was combined with ETD
to analyze O-linked β-N-acetylglucosamine (O-GlcNAc) within
peptides. HCD generated HexNAc signature ions while ETD
produced sequence-informative peptide fragment ions while
retaining the labile GlcNAc modifications necessary for
establishing its location at the amino acid level. This method
was used to characterize O-GlcNAc modified proteins enriched
from HEK293T cells in which 83 sites of O-GlcNAc
modifications were identified. This work shows that combining
HCD and ETD increases the useful fragmentation necessary for
identifying posttranslational modifications within proteins.51

■ QUANTIFICATION

The identity and the level of glycan expression within animal
cells and tissues are known to affect physiological and
pathological processes and to correlate with the health of an
individual.78 The level of expression of these vital biomolecules
varies between individual species, and they are known to
change during the development and progression of many
diseases.78 In order to understand more about glycan
expression and its impact on biological processes, it is
important to perform quantitative analysis of glycans in cells
and tissues in addition to structural characterization.79 Methods
of quantitative analysis of glycans are less established than those

for proteins or peptides but considerable effort has recently
been made in this research area.

Label-Free Quantitation. Both label-free and heavy
isotope labeling are used for glycan quantification. Label-free
methods have the advantage of experimental simplicity, while
labeling methods potentially provide a more accurate result.
With label-free methodologies, glycoconjugates are processed
to detach the glycan from its protein and analyzed in their
native state or after derivatization.80 Samples from different
sources can be compared by dividing the intensities of a
selected glycan by the glycan total ion current. This method is
susceptible to errors from differences in the ionization
efficiencies of various glycans, instrument performance
variability, and sample handling differences. Use of internal
standards that have MS characteristics similar to the ions of
interest can be used to standardize the procedure thus
producing more reliable results.80

Another challenge to glycan quantification is in-source
fragmentation, especially when using MALDI- MS, leading to
incorrect interpretation of the results. Oligosaccharides
containing acidic residues are particularly susceptible to this
problem. The ionization efficiency of glycans can be improved
by methylation, which allows both acidic and basic glycans to
be analyzed simultaneously and with uniform sensitivity.5,80

Including a separation step, such as LC or CE, improves the
quantification process by separating isomers that cannot be
differentiated by mass alone. Methylation and reducing end
derivitization also improves LC separations since they make
glycans more hydrophobic.5

A comprehensive label free procedure to identify and
quantify milk oligosaccharides and other glycans in infant
feces and urine using nano-LC−TOF MS was recently
developed.81 During this study, MALDI-FTICR was used for

Figure 3. MALDI FTICR MS profiles in positive ion mode of the HMOs in milk (a), feces (b), and urine (c) of a mother−preterm infant dyad.
Milk, feces, and urine samples are 5, 1, and 150 μg, respectively. HMOs are marked with green dots. Distributions of fucosylated and sialylated
glycans are based on HMO intensities normalized against the total HMO intensities. Pie charts represent nano-LC−MS data. Reprinted with
permission from De Leoz, M. L. A.; Wu, S.; Strum, J. S.; Niñonuevo, M. R.; Gaerlan, S. C.; Mirmiran, M.; German, J. B.; Mills, D. A.; Lebrilla, C. B.;
Underwood, M. A. Anal. Bioanal. Chem. 2013, 405, 4089−4105 (ref 81). Copyright 2013 Springer-Verlag.
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accurate mass measurement compositional analysis. Using
deuterated human milk oligosaccharides (HMO) internal
standards, the oligosaccharides were identified and quantified
from mother−infant dyads and from infants consuming infant
dietary formula and then monitored in the infant feces and
urine (see Figure 3).81

Similar approaches may be used to monitor changes in the
profiles of ingested and excreted oligosaccharide for diagnostic
purposes. A method using graphite carbon HPLC−MS
indicated that milk oligosaccharides differ between lactating
mothers and also vary during the lactating period.82 An LC−
MS/MS method was used to investigate and quantify
glycosaminoglycans in the urine of patients with MPS I, II,
and VI.83

Chip-based nano-LC/TOF-MS was used to profile and
quantify N-linked glycans, to correlate with the prognosis of
prostate cancer patients.84 Nano-LC allows the analysis of small
sample amounts (100 μL serum volumes) and generally
improved sensitivity with minimal ion suppression. Differences
in glycan abundance between patients was found to have a
statistically significant correlation to their prognosis.84 This
method could be useful as a diagnostic tool and could be used
to monitor the progression of diseases.
Isotopic Labeling Approaches. Chemical or metabolic

labeling approaches incorporate a heavy isotope into a glycan
for comparative analysis. These techniques reduce some of the
issues associated with label free analysis such as instrument
response and differences in ionization efficiencies. In chemical
labeling approaches, heavy isotopes are introduced during
methylation or reductive amination procedures. Differential
deuteration or 13C-labeling can be introduced by methylation
reactions. CH3I and CD3I have been used in comparing N-
glycans profiles for healthy and breast cancer patients using
MALDI-MS.85 Recently, a method was reported for isotopic
labeling by methylation with LC−ESI-MS for comparative
analysis of N-glycans.86 Methylation was carried out using
CH2DI and CD3I heavy isotopes and CH3I light isotope. The
work compared N-glycans from several esophageal diseases and
healthy samples and found that there are significant glycan
profile differences between them. 13CH3I and

12CH3I was used
to analyze mixtures of N-glycans derived from glycoproteins.87

A 13CH3I and
12CH2DI pair whose mass difference is only

0.002 922 Da was used to analyze N-linked oligosaccharides
from glycoprotein and human serum.88 Because of the very
small mass difference between the 13CH3I and

12CH2DI pair,
high-resolution mass spectrometry with more than m/Δm = 30
000 resolution is required in order to resolve the two isotopic
species. This method, called QUIBL for quantitative isobaric
labeling, is particularly useful for quantitating isomers by
tandem mass spectrometry. The precursor mass of the
derivatized compounds have the same nominal mass and thus
undergo ion activation simultaneously, removing one significant
source of experimental error in the quantitative measurement.
The same isomer from two samples are distinguished and
quantitated by comparing the abundance of the isobarically
labeled species, while isomers are distinguished by differences
in product ions during MS/MS.
Using reductive amination, fluorophores or chromophores,

such as 2-aminobenzamide (2-AB) and 2-aminopyridine (2-
AP), can be attached to the reducing end of the glycan to
enable their UV detection.3,20 Reductive amination is useful for
N-glycans and other oligosaccharides with a free reducing end.
The release of O-glycans from proteins through β-elimination

produces a hydroxyl group at the reducing end, which is not
suitable for reductive amination. However, isotopic labeling can
be achieved by using NaBD4 during β-elimination to introduce
deuterium labels.89 O-linked glycosaminoglycans have been
examined by enzymatic depolymerization to produce tetrasac-
charides that have normal reducing ends. Reductive amination
was then used to incorporate four differentially labeled aniline
tags (D0,D4,D8,D12) that enabled simultaneous analysis of four
chondroitin sulfate glycosaminoglycans samples using LC−MS
and tandem mass spectrometry.90 The isotope overlap due to
the 4 mass unit difference between the tags requires
deconvolution. This tetraplex stable-isotope coded tagging
method allows four samples to be compared in a single
experiment, which offers a considerable advantage over more
conventional methods that compare only two samples at a time.
A method derived from proteomic technology, tandem mass

tags, has recently been introduced to glycan analysis.91 This
glycan version is called stable isotope labeled carbonyl-reactive
tandem mass tags (glyco-TMTs), and has been used to profile
N-glycans in primary tumors and metastatic tumors in human
colon carcinoma cells.91 The reagents consist of a reporter and
reactive end, linked by a mass normalizer. Two reactive end
chemistries were examined, hydrazide and aminooxy, which
form a hydrazine or oxime, respectively. The mass spectrum of
the differentially labeled glycans have less spectral complexity
than in a conventional labeling experiment, due to the isobaric
nature of the labeled components. Ion activation during MS/
MS releases a low molecular weight reporter ion, which can be
used to quantitate the abundance of the glycans from each
sample that is being compared.
A metabolic labeling method that takes advantage of the

biosynthetic pathways of amino sugar residues was recently
developed.92 The isotopic detection of amino sugars with
glutamine (IDAWG)92 utilizes amide-15N labeled glutamine as
the sole source of nitrogen for hexosamines. The glycans
expressed in cells grown under these conditions increase in
molecular weight by 1 amu per amino sugar. This technique has
been used for the analysis of both N-linked and O-linked
glycans from murine embryonic stem cells. Since the “light” and
the “heavy” glycans are produced by the same procedure, errors
associated with the sample preparation are minimized.92 This
method can be used to study the glycans turnover to better
understand the role of these molecules in biological systems.80

Triple quadrupole mass spectrometers can be used for
selected reaction monitoring (SRM) and multiple reaction
monitoring (MRM) analysis to quantify known target analytes.
A specific precursor is selected in the first quadrupole and
fragmented in the second quadrupole and then specific
fragment ions (transitions) are monitored in the third
quadrupole.93 These methods have been found to increase
the signal-to-noise of the analyte of interest by reducing the
chemical background, making it possible to identify low-
abundance glycans. More precise results are obtained from
MRM analysis since multiple transitions are monitored unlike a
SRM method which monitors a single transition.94 More
recently MRM was examined with energy-resolved structural
analysis. Oligosaccharide oxonium fragment ions from a
glycopeptide were monitored by collision induced dissociation
(CID) over a wide range of energies, and a structure-unique
fragmentation pattern was deduced. This method was found to
distinguish purified immunoglobulin isomeric glycopeptides.95

A study describing site specific quantification of core
fucosylated glycoprotein was developed recently.96 Three
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optimum transitions were identified for quantification and
seven glycopeptides from six proteins were quantified.96

Another related study used MRM combined with liquid
chromatography and tandem mass spectrometry to quantify
glycoproteins from both model glycoproteins and depleted
human blood serum using oxonium ions as transitions.97

■ SEPARATIONS

Mass spectrometry is a powerful tool for glycosylation analysis,
but it cannot distinguish structural isomers, which have the
same mass but not the same structural features. Therefore, mass
spectrometry is often combined with a second mode of
separation that is typically based on liquid chromatography
(HPLC) but may also include electrophoresis (e.g., capillary
electrophoresis). The mode of separation used depends on the
type of sample analyzed (glycans, GAGs, glycolipids,
glycopeptides, or glycoproteins) and the sample preparation
(e.g., types of enzyme or release procedure, native versus
permethylation, and chromophore label). Thus far, there is no
consensus on a single method that yields both identification
and accurate quantitation in a rapid manner. Because of the
structural diversity of glycans, there may be no such method
even in the future. For this reason, the different modes of
separation used in glycomics analysis will be discussed here
individually.
Reversed Phase Separations. Reversed phase (RP)

chromatography has traditionally been widely used for the
analysis of glycans and glycoconjugates. To allow retention of
glycans on RP stationary phases, they have to be derivatized

either as permethylated species or by the attachment of a single
chromophoric tag for spectrophotometric detection.20 Native
oligosaccharides are generally not retained in RP stationary
phases; however, perderivatizing the compound or the addition
of a single tag with greater hydrophobic character is often
sufficient to allow separation. For example, it was recently
found that the use of the aminobenzoic acid (2-AA) label for
the analysis of released glycans from commercial antibodies
using a C18 separation yielded better separation and peak shape
compared to aminobenzamide (2-AB).98

A chemical derivatization method involving methylation of
the −OH, −NH groups and replacement of the sulfite groups
with acetyl or trideuteroacetyl groups followed by LC−MSn was
used for structural characterization of GAGs recently.99 This
method showed improved RPLC separation, and the ions are
detected in the positive mode. The method is found to
determine the structures of heparin and heparan sulfate
GAGs100 as well as distinguishing CS/DS isomers.99

The separation of digests of glycosaminoglycans may also be
performed using reversed phase. The use of C18 was recently
reported for the analysis of AMAC-labeled disaccharides
originating from heparan, HS, and low-molecular weight
heparan. Up to 12 disaccharides were separated using a 60
min gradient.101 In a similar approach but with UPLC, up to 17
disaccharides originating from HS/HP, CS/DS, and HA were
separated.102

An alternative strategy for the analysis of GAG disaccharides
is through reversed phase ion pairing (RPIP)-LC−MS. In
RPIP-LC, lipophilic ions are added as ion-pairing reagents to

Figure 4. TICs for the 11 heparin disaccharides studied and the internal standard ΔUA(2S)-GlcNCOEt(6S) (IP) using (A) a previously published
disaccharide separation method (ref 36) with 20 mM TrBA, 2.5 mM NH4COOH buffers at pH 6.5 and column temperature of 40 °C, (B) the same
separation conditions at pH 3.5 with the inset showing the extracted ion chromatograms of IVA and IIIH, and (C) 30 mM TrBA and column
temperature of 25 °C at pH 3.5 with a new gradient profile optimized for the higher IPR concentration. The peaks marked with an asterisk are
impurities. Reprinted from ref 105. Copyright 2011 American Chemical Society.
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the mobile phase to enhance the retention of charged
molecules on the hydrophobic stationary phase. The method
was reported for the separation of heparin/HS digests103−105

but was also successfully applied for the separation of
amphiphilic sulfated oligosaccharides,106 heparin-like glycosyla-
minoglycans (HLGAGs),107 and glycol-split heparins.108 RPIP
separations strongly rely on the choice of ion pairing reagent as
well as on the pH of the separation. Moreover, to allow
coupling of RPIP to mass spectrometry, the use of volatile ion-
pairing reagents in the mobile phase is required. Initial studies
have demonstrated the separation of anomeric disaccharide
standards using a traditional method with 20 mM tributylamine
(TrBA) and 2.5 mM NH4COOH at pH 6.5. It was shown that
the anomer separation can be diminished using a higher
concentration of 30 mM TrBA at pH 3.5 (see Figure 4).105

In a different study, the use of TrBA, dibutylamine, and
pentylamine (PTA) as ion pairing reagents were assessed in
conjunction with acetonitrile and methanol based mobile
phases for the separation of LMW heparin.103 PTA was found
be superior to TrBA and dibutylamine when used in
acetonitrile based mobile phases, yielding the best resolution.103

It is anticipated that further optimization of the ion pairing
parameters in the near future will further enhance the use of
RPIP-LC for the separation of all types of glycosaminoglycans.
HILIC Separations. Hydrophilic interaction chromatogra-

phy (HILIC) has gained renewed interest for the analysis of
glycans and glycoconjugates. Its use in glycomic analysis was
recently reviewed.109 Novel applications of HILIC stationary
phases were described for the analysis of milk oligosacchar-
ides,110,111 galactooligosaccharides,112 linear oligosaccharides
from plant cell walls,113 and glycopeptides.114 The technology

has earlier been applied for the analysis of glycans109,115 and
glycosaminoglycans.116 HILIC is not only used for analytical
separations but often also for SPE sample preparation,
especially for the enrichment of glycopeptides.117−119 The
increased interest in the application of HILIC for glycomics
analyses has further sparked the development of novel HILIC
materials. Especially zwitterionic hydrophilic interaction
chromatography (ZIC-HILIC), whereby both positively and
negatively charged groups are attached to the analytical surface
resulting in a relatively weaker interaction with charged
analytes, has been reported in glycan analysis.118−120 For
example, recently the application of click chemistry to couple
aspartic acid to a silica stationary phase, thus providing a ZIC-
HILIC material, was evaluated for the purification of
glycopeptides from a tryptic IgG digest.118 It was shown that
good recovery of glycopeptides was obtained, together with low
levels of peptide contamination, especially compared to
sepharose, a more traditional HILIC support.
The use of HILIC for the separation and analysis of N-

glycans upon labeling with 2-AB is now widely accepted.
Recently, this method has also been employed for the
separation of bovine milk oligosaccharides.111 Using exoglyco-
sidases, the structures of 37 μBO could be confirmed, which
revealed the separation of several structural isomers. In this
work, a glucose standard is used to convert the retention time
to standardized glucose values (GU). A method using 4-
aminobenzoic acid ethyl ester (ABEE) labeled dextran
hydrolysate was recently proposed to serve as an internal
standard for the determination of the GU units.121 This strategy
was shown to provide more accurate GU values, since

Figure 5. (A) Extracted compound chromatogram (ECC) of glycopeptides generated from INPEG analysis of a bovine milk gel band containing
bovine lactoferrin, polymeric immunoglobulin receptor, and serotransferrin. (B) Detailed site heterogeneity and detected glycoform abundance of
bovine lactoferrin following INPEG analysis. Reprinted from ref 133b. Copyright 2013 American Chemical Society.
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variations in the delivery of the LC gradient can be corrected
for using the internal standard.
Graphitized Carbon Separations. Porous graphitized

carbon (PGC) has also been recognized as a valuable stationary
phase for the analysis of native oligosaccharides and small
glycopeptides,122 mostly because of the extensive separation of
isomers that may be obtained. While initial methods for the
separation of N- and O- glycans123 as well as milk
oligosaccharides124 and GAG digests125 have been described
earlier, several novel applications of PGC have been described
recently. First, a library describing the retention times,
structure, and CID fragmentation patterns of N-glycans derived
from blood serum proteins was developed.126 This library
illustrates the separating power of PGC for glycans and is an
excellent resource for further glycan profiling studies. More-
over, PGC-LC−MS was recently described as the stationary
phase of choice for N-glycan analysis.57 Recent applications
include the analysis of N-glycans from dried blood spot
specimens127 as well as the identification of candidate
biomarkers for several types of cancer.84,128 The separating
power of PGC was recently also used for the development of a
fluoride mediated fragmentation strategy129 and the identi-
fication of fucosylated high-mannose type glycans in mush-
rooms.130 PGC has also been applied for the analysis of O-
glycans upon β-elimination.131,132

The use of Pronase for the nonspecific digestion of
glycoproteins, resulting in short-chain glycopeptides, is a
powerful method for the determination of site-specific
glycosylation profiles. PGC has been shown to provide an
excellent stationary phase for the analysis of such digests, as was
recently reported (see Figure 5).132,133

PGC is also widely applied for the analysis of milk
oligosaccharides. Initially a library containing mass, retention
time, and fragmentation of neutral milk oligosaccharides was
reported,134 which was recently complemented with a library
for sialylated HMO75 and bovine milk oligosaccharides.135 The
excellent separating power of PGC was used for the
development of a quantitative method for HMO using a single
quadrupole mass spectrometer.82

While the use of one specific type of stationary phase may
already provide sufficient separating power, recent develop-
ments have shifted toward the coupling of two stationary
phases, especially in the area of glycopeptides analysis. Initially,
this has been performed using HILIC SPE prior to RP-LC−MS
analysis. However, to allow for the detailed analysis of site-
specific protein glycosylation, a 2-D separation comprising a
HILIC column followed off-line by C18 was reported.136 A
total of 57 glycopeptides were identified on haptoglobin and 14
for hemopexin, indicating very good coverage.
A reverse type coupling has also been attempted:

glycopeptides from the CD44 fusion protein were first
fractionated using RP-LC, followed by HILIC-LC−MS
characterization.114 While this method seems to have been
successful, it is perhaps less predictable, as both peptides and
glycopeptides are retained on RP material, but their elution is
mostly dependent on the peptide moiety. HILIC however
retains glycopeptides much more strongly than peptides and
thus separates glycopeptides more completely from non-
glycosylated peptides.
In general, several stationary phases can be used for the

separation of glycans and glycocunjugates. The choice for a
specific stationary phase often depends largely on the sample
(GAG, glycans, or glycopeptides) and the sample preparation.

This is illustrated by several recent studies that have been
designed to compare stationary phases. The separation of
neutral oligosaccharides without derivatization was evaluated
using high-pH anion exchange (HPAEC), RP, HILIC, and
PGC. PGC was shown, perhaps not surprisingly, to provide the
best separation of isomeric structures, while HILIC was
determined to be best for the separation of compounds of
different composition.137 In a study to separate 2-AB labeled N-
glycans from standard proteins, it was concluded that HILIC,
RPIP, and PGC each had individual advantages.138 A
comparison between ZIC-HILIC separation of 2-AB labeled
glycans and PGC for the separation of reduced N-glycans from
monoclonal antibodies showed that higher sensitivities were
obtained using PGC and that PGC provided excellent
separation of isobaric glycans.139 Interestingly, because PGC
is effective for separating isomers, it is the best suited for
coupling with mass spectrometry as the latter yields a second
dimension of separation, namely, mass. It is therefore expected
that PGC will find even greater use for the separation of native
glycans and glycoconjugates.

■ ION MOBILITY
Ion mobility (IM) is a fast separation technique that is based on
the interaction of the gas-phase ion with a buffer gas in a
varying or fixed electric potential through a drift region.
Analytes are ionized using standard methods and are separated
based primarily on their shape and intrinsic charges, thereby
yielding an additional level of structural detail. When combined
with mass spectrometry, ions are separated and can be
presented by shape (collision cross section) in one dimension
and mass to charge ratio (m/z) in a second dimension. The
early experiments were performed primarily on unique, home-
built instruments; however, with the development of the first
commercial ion mobility mass spectrometery (IM-MS) instru-
ment in 2006, the Synapt, the technology has become more
widely available. This has sparked a large number of efforts in
the application of IM-MS not only as an ion-chemistry tool but
also as an analytical platform for areas such as proteomics and
glycomics.140

Spatial Dispersion IM. There are two major approaches
whereby ions may be separated using IM, either through space
or time. High-field asymmetric waveform ion mobility
(FAIMS) also known as differential mobility spectrometry
utilizes differences of ion mobility in alternating high and low
electric field applied between two electrodes at atmospheric
pressure. Ions are pushed through the FAIMS device by a
carrier gas which could be pure or a mixture of gases. The
applied field from an asymmetric, periodic waveform disperses
the ions within the device toward one of the electrodes,
depending on their differential mobility, and they end up
neutralized. When a small dc potential (compensation voltage,
CV) is applied, ions of a particular differential mobility assumes
a stable trajectory through the device and are thus detected.141

FAIMS-LTQ Orbitrap was recently used for the separation of
isomeric O-linked glycopeptides differing only at the site of
glycosylation (GalNAc) and that were difficult to separate using
RPLC.142 The site of glycosylation was determined from ETD
fragment ions obtained from separated peaks at a given CV.
In another study, FAIMS-FTICR was used to separate ESI

generated isobaric charge state ions resulting from different
length of chondroitin sulfate A GAGs.143 Additionally, epimeric
mixture of heparan sulfate tetrasaccharides differing only at one
stereocenter was separated and their ions activated using EDD
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to obtain structural information. Multiple peaks obtained from
a single species were found to be due to the ability of FAIMS to
separate anomers. Alkylating the reducing end or using reduced
species eliminated most of the extra peaks.143 Since FAIMS
separate ions spatially rather than temporally, it is a useful tool
particularly when coupled to mass spectrometers in which
multiple ion activation methods can be used to fragment
separated molecular ions.
Time Dispersion IM. Methods based on separation

through time-dispersion have been widely applied for
glycomics. These methods can either be performed using
drift tube ion mobility (DTIM), where ions are separated in an
electrostatic field by collisions with a buffer gas or traveling
wave ion mobility (TWIM), where ions are separated using a
buffer gas in an electrodynamic field.
Because of the homogeneous electric field in DTIM

instruments, kinetic theory can be used to readily determine
the collision cross section (CCS) of an analyte based on the
drift time. Conversely, the electric field in the TWIM
instrument is not homogeneous, thereby limiting the use of
this technology for obtaining gas-phase structure information.
To alleviate this limitation, external calibrants, for which the
CCS has been determined using DTIM instrumentation and

which are of similar molecular identity, can be used to
determine the CCS of analytes by TWIM.
IM-MS has been used to separate isobaric species belonging

to different biomolecular classes. DTIM-MS has been used to
examine the CCS of lipids, peptides, nucleotides, and
carbohydrates.144 Because their respective CCS are sufficiently
distinctive, the drift times have been used to differentiate the
diverse classes of biomolecules.144 These earlier findings
suggested that IM-MS could be used for the analysis of
carbohydrates from complex mixtures without the need for
purification. The method was applied to a PNGaseF digest of
RNaseB, where good separation of glycans from the protein
was observed,145 and to milk where the separation of
oligosaccharides from lipids was achieved.145 The ability to
obtain oligosaccharide compositional profiles from complex
mixtures without prepurification would provide an important
advantage, as sample workup is often responsible for loss or
degradation of oligosaccharide structures.
In theory, gas phase separation of glycans holds potential for

the differentiation of structural oligosaccharide isomers. Indeed
initial studies on N- and O-linked glycans have indicated that
some separation of isomers can be achieved, but the full
potential of IM-MS for oligosaccharide isomer separation has

Figure 6. (A) Driftscope (m/z vs drift time, log scale) display of the negative ions from a sample of released gp120 glycans contaminated with PEG.
Circled regions are labeled with those of the panels below. (B) Total electrospray spectrum. (C) Extracted singly charged N-glycan ions ([M +
H2PO4]

− except m/z 2076, which is [M − H]−). (D) Extracted doubly charged N-glycan ions (High-mannose (Man) glycans are [M +
(H2PO4]2)

2−, glycans with one sialic acid are [M − H + H2PO4]
2− and the disialylated glycans are [M − H2]

2−). (E) Extracted triply charged N-
glycan ions ([M − H3]

3−). (F) Extracted singly charged PEG ions. Reprinted with permission from Harvey, D. J.; Scarff, C. A.; Edgeworth, M.;
Crispin, M.; Scanlan, C. N.; Sobott, F.; Allman, S.; Baruah, K.; Pritchard, L.; Scrivens, J. H. Electrophoresis 2013, 34, 2368−2378 (ref 147b).
Copyright 2013 Wiley-VCH Verlag GmbH & Co.
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not yet been determined. In recent years, several studies have
been performed to further explore the potential role of IM-MS
in oligosaccharide analysis.
The collisional cross sections of sodiated N-glycans, released

from commercially available glycoproteins, were determined
using DTIM-MS, to allow for the calibration of TWIM-MS
instruments.146 It was observed that the repeatability of the
CCS for the N-glycans is very high, with a % CV of 1−2%.
While the separation was not optimal, the results gave good
indications that carbohydrate isomers can be distinguished
using IM-MS based on their CCS or drift time.
Released, native N-glycans from proteins were characterized

using MALDI-TWIM-MS, and it was observed that THAP
matrix in combination with an ammonium nitrate dopant
provided good separation of analytes and matrix and allowed
for N-glycan fragmentation. Some separation of isomers of
smaller N-glycans was obtained in the study, but often isomers
were poorly resolved (see Figure 6).71,147

The separation of permethylated mannose 7 (man7) isomers,
obtained from RNaseB using DTIM in positive ionization
mode provided a relatively broad drift time distribution with
four local maxima. These four maxima are attributed to
different isomers of man7. Using fragmentation studies, one of
the maxima could be assigned, while the structures of the three
other isomers could not be determined.148 Pyridylamine (PA)-
labeled N-glycans obtained from IgG were also examined for
separation by IM-MS. Using TWIMS, the G1F isomers were
separated with reasonable resolution. However, to simplify the
IM separation, TWIMS-MS was coupled with a HILIC-HPLC
separation, thus providing superior separation of isomeric
glycans in under 15 min.149

While IM-MS for the analysis of carbohydrates is still in its
infancy, its first application toward the discovery of cancer
biomarkers was recently reported. Altered drift time profiles
were observed for 9 of the 17 glycans in a study aimed at
distinguishing healthy individuals from cirrhosis patients and
individuals with liver cancer. Using principal component
analysis, the subjects were well separated.150 In a similar
study by the same group, altered profiles for esophageal cancer
were determined.151 It has to be noted, however, that these
results were not tested in a second sample set, which would be
necessary to confirm the utility of the markers.152

While the majority of IM-MS research in glycomics has been
dedicated toward N-glycans, GAGs and HMO have also been
studied. Octasaccharides originating from heparin were
measured using TWIM-MS.153 Using standards, differential
traveling times could be observed, indicating that it is likely that
IMS can separate heparin-derived octasaccharides. However, no
application to an actual heparin digest was reported. Similarly,
the CCS of some HMO have been determined using DTIM-
MS,154 and separation of isomers of smaller HMO may be
obtained using drift time.
Overall, it may be concluded that the use of IM-MS has

potential for the rapid profiling of glycans directly from samples
without prepurification. Given that the gas-phase separations
are fast (milliseconds), such a method would be highly useful in
high-throughput profiling analyses, where just glycan composi-
tional data is required. However, while IM has the potential for
oligosaccharide isomer separation, this is currently not yet up to
par with HPLC or CE methods. In particular, porous
graphitized carbon stationary phase, which provides very
good isomer separation75,122,126,134 cannot yet be matched by
IM. An advantage of the use of IM would be its very fast

separation times, which would enable the analysis of
glycosylation in a high-throughput fashion. Therefore, we
strongly believe that further instrument developments as well as
application specific instrument settings, such as the use of CO2
as the drift gas instead of N2, which was recently shown to
increase the resolution of the separation of the disaccharides
sucrose, maltose, lactose, and cellobiose,155 would eventually
allow for isomer separation of oligosaccharides. Such improve-
ments would open up the use of IM for a large number of
glycomics applications. A separate field of application that
would benefit from the additional dimension of separation that
is provided by IM is glycoconjugate analysis. So far, very few
studies have focused on the analysis of glycopeptides,
glycolipids, and other glycoconjugates using IM. Further
exploratory studies toward this application are needed to
evaluate the potential of IM in this field of study.

■ SOFTWARE
Mass spectrometry is currently the most effective technology
for the analysis of glycans and glycoconjugates. To allow more
efficient evaluation of the mass spectrometric data generated,
software tools have been developed for the analysis of MS as
well as MSn data. The current state of the art of software tools
for the evaluation of N- and O-glycans and glycopeptides was
recently reviewed.156 A separate review has focused on the
available databases and the need for uniform codes for sharing
glycomics data, mostly related to UPLC-fluorescence data.157

The development of software tools in glycosylation research is
currently undergoing rapid changes, yet remains insufficient,
especially in the fields of GAGs, glycopeptides, and other
glycoconjugates. We focus this discussion on the tools and
applications that have been released since the beginning of
2011.
Several methods for the evaluation of N-glycan data had

already been reported prior to 2011, and the identification of
N-glycans is typically not problematic; however, some novel
tools have recently been revealed. The Glycolyzer is a newer
software tool that allows the user to annotate N-glycan
MALDI-FTICR-MS mass spectra. The software integrates the
Fourier transform, calibration, and deisotoping prior to glycan
annotation and integration.158 Because the tool is focused on
biomarker discovery, discriminant analysis may be performed to
identify differential glycan signals. While several other tools
have already been developed for the annotation of N-glycan
mass spectra, the Glycolyzer software allows for the
identification, integration, and differential analysis combined,
thus largely facilitating biomarker discovery.
The annotation of N-glycan MS spectra with glycan

compositions is generally routine. New separation methods,
however, have made it possible to resolve isomeric compounds
thereby allowing the identification of complete structures. The
evaluation of N-glycan data obtained using these hyphenated
methods such as porous graphitized carbon (PGC)-LC−MS
remains difficult. The challenge is to annotate hundreds if not
thousands of MS spectra, which require deconvolution of
multiply charged spectra, assigning m/z values and recognizing
retention times. In addition, retention time drifts over multiple
runs require the alignment of chromatographic peaks. To
facilitate the data evaluation of PCG-LC−MS data reduction of
N-glycan and other glycans are necessary. A reduced N-glycan
library from human serum was recently constructed with
complete and partial structures recognized by retention time,
accurate mass, and tandem MS.126 A database with normalized
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retention times for HILIC-separated 2AB-labeled glycans has
previously been developed,159 which was recently extended to
include average masses.
A project was recently launched to build a database

containing glycan structures, their origin, tandem MS spectra,
and chromatographic retention times, based on the existing
glycomeDB database.160 The database will contain both N-
glycans and O-glycans. While the chromatographic stationary
phase was not specified, it contains mainly HILIC separation
data. Such databases can be extremely useful for the structural
annotation of large sample sets, but chromatographic retention
times depend on the sample preparation method, the stationary
phase, the mobile phase, and precise gradient. A lack of a
specific separation protocol will likely prohibit precise
identification of structures.
Identification of N-glycans in LC−MS/MS data provides a

somewhat different challenge as annotation may be facilitated
by the fragmentation spectra that are obtained. GlycanID is a
software tool that was recently described for the identification
of N-glycans as permethylated alditols.161 The program first
extracts MS and MS/MS features, matches different adducts in
the MS mode, and annotates the MS features with their
respective MS/MS fragmentation, thus providing the most
probable set of identified N-glycans. GlycanID was successfully
applied for the identification of N-glycans released from IgG
and cell surface proteins extracted from human fibroblasts.161

Glycan analysis is challenging in its own right, yet
determining specific sites of glycosylation adds an additional
level of complexity. MS/MS is required for determining sites of
glycosylation in glycopeptides, but data analysis remains a
considerable challenge. Two new software tools aimed for the
evaluation of glycopeptides LC−MS/MS data have been
reported recently. GlycoPeptide Finder (GP Finder) is a tool
that was developed for the correct assignment of glycopeptides
independent of the protease used (whether specific or
nonspecific).162 A self-consistency scoring algorithm is used
in combination with a targeted-decoy approach to determine
the false discovery rate (FDR). The method was successfully
applied to protein standards and noncomplex mixtures of
glycoproteins such as gel bands. A second tool that was recently
developed for the assignment of glycopeptides is Glycopeptide
search (GPS). Using indexed glycan databases, MS/MS spectra
are paired with glycopeptide matches and a decoy library is
used to determine the FDR. So far, this tool only supports
tryptic digestions. Similar to GP Finder, this software requires a
predefined protein sequence or a list of peptides. This is a
drawback to the routine application of this software, as separate
protein identification software or maybe even an additional
digestion and accompanying LC−MS/MS run is needed to
provide the list of protein sequences.
Most software tools that are designed for N-glycan analysis

could potentially also be used for the evaluation of GAG data,
but need to be adapted specifically. Two software tools have
recently been described for the targeted evaluation of GAG MS
data. The first, Manatee, uses a predefined library of digested
GAG compositions and empirical HILIC-LC retention times to
extract the relevant glycan information.163 GlycReSoft is a tool,
which uses deconvoluted LC−MS data, out of which, after
denoising, candidate glycans are extracted. Using a scoring
algorithm, glycan compounds are identified.164 The advantage
of GlycReSoft over Manatee would be the inclusion of noise
reduction and confidence measures; however, Manatee
provides faster analysis.

While it is clear that there is tremendous progress with
respect to the development of software tools for the evaluation
of glycomics mass spectrometry data, there are still some
limitations that need be addressed in the next generation of
tools. Most of the tools currently developed for N-glycan, O-
glycan, and GAG analysis are not universal to all sample
preparation methods and all analytical methods. We are aware
that the development of tools often relies on libraries and/or
fragmentation patterns, which are largely affected by the sample
preparation method of choice. However, it would be highly
desirable to have one software tool that would allow for the
analysis no matter what sample preparation or analytical
strategy used in the analysis. To this extent, GP Finder, which
allows for the analysis of native N-glycans as well as nonspecific
glycopeptides, might currently be the most versatile.
In studies that are aimed toward the identification of glycans

in a certain biological context, the use of the currently available
tools is often sufficient. However, often the glycosylation profile
of one sample or set of samples has to be compared to another,
e.g., in the case of biomarker studies. Most software tools do
not allow for the automated analysis of multiple samples in a
batch-type manner, and thus the user is required to perform the
data evaluation on a sample-by-sample basis. It would be highly
beneficial if batch-processing would be more widely available in
glycomics software tools.

■ CONCLUSIONS
Future progress in carbohydrate analysis will rely on the
continued development of the analytical technologies discussed
in this review. Given the heterogeneous nature of carbohydrate
samples derived from natural sources, improvements in the
methods for online separation of oligosaccharides will be crucial
to advances in carbohydrate analysis. This includes not only
chromatographic methods but also ion mobility, which is still
an underexplored methodology with respect to carbohydrate
analysis. Subtle structural differences in carbohydrates greatly
impact their biological activity, and much work remains to be
accomplished to be able to obtain this information by mass
spectrometry. Developments in ion activation will continue to
drive progress in the mass spectrometry characterization of
carbohydrates, with advances in electron-aided methods of
activation and photodissociation likely to produce the most
impact in the future. While MS/MS methods are yielding
remarkable levels of detail for carbohydrates, MS3 and higher
dimensional MSn analyses can provide far more structural
detail. In order for these approaches to find widespread
application, it will be critical to develop automated methods for
the selection of intermediates in the chain of reactions.
Carbohydrate specific software developments are needed for
the acquisition of mass spectra and processing and
interpretation of these data.
Advances in mass spectrometry technology have enabled

progress in its application to the analysis of carbohydrates. This
has led to some remarkable accomplishments in the last 2 years,
such as the sequencing of full length glycan chains in
proteoglycans.59 To a large degree, the field of mass
spectrometry is driven by proteomics applications, which has
led to the proliferation of higher resolution and more sensitive
instrumentation as well as the development of elaborate hybrid
mass spectrometers capable of sophisticated tandem mass
spectrometry measurements on complex mixtures. These
developments also benefit the field of carbohydrate analysis.
In many respects, carbohydrates present more challenging
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targets than proteins, given their heterogeneity, their subtle
differences in structure, and the lability of modifications that are
present. The need for improved methods to analyze
carbohydrates will serve as a driver for further developments
in mass spectrometry.
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