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� Biopharmaceuticals have emerged as
the new class of blockbuster drugs in
the pharmaceutical industry.

� More than 60% of the approved bio-
pharmaceuticals are glycosylated.

� Glycosylation has an effect on the
efficacy and the safety of therapeutic
glycoproteins.

� N-glycosylation characterization of
therapeutic glycoproteins is a regu-
latory requirement.

� Biosimilar releases are increasing and
demonstration of comparability
poses challenges for N-glycosylation
characterization.
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Therapeutic proteins are rapidly becoming the most promising class of pharmaceuticals on the market
due to their successful treatment of a vast array of serious diseases, such as cancers and immune dis-
orders. Therapeutic proteins are produced using recombinant DNA technology. More than 60% of ther-
apeutic proteins are posttranslationally modified following biosynthesis by the addition of N- or O-linked
glycans. Glycosylation is the most common posttranslational modifications of proteins. However, it is also
the most demanding and complex posttranslational modification from the analytical point of view.
Moreover, research has shown that glycosylation significantly impacts stability, half-life, mechanism of
action and safety of a therapeutic protein. Considering the exponential growth of biotherapeutics, this
present review of the literature (2009e2015) focuses on the characterization of protein glycosylation,
which has witnessed an improvement in methodology. Furthermore, it discusses current issues in the
fields of production and characterization of therapeutic proteins. This review also highlights the problem
of non-standard requirements for the approval of biosimilars with regard to their glycosylation and
discusses recent developments and perspectives for improved glycan characterization.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction: importance of the glycan characterization of
biopharmaceuticals

In 1972 Paul Berg, who won Nobel Prize in 1980, produced the
first recombinant DNA facilitating the beginning of recombinant
technology and heralding the birth of recombinant proteins as a
new class of pharmaceuticals. Improved recombinant technology
enabled production of the first human recombinant protein, re-
combinant human insulin, in 1982. Using human preparations
instead of animal proteins led to great breakthrough in diabetes
treatment [1]. Many other recombinant proteins were introduced
soon after facilitating the treatment of severe deficiencies due to
their ability to supplement the activity of the essential endogenous
molecules, such as hormones, enzymes and clotting factors.
Importantly, more than 60% of those recombinant proteins are
glycosylated [2]. It has been highly demonstrated that changes in
the glycosylation pattern of the expressed therapeutic has an effect
on the efficacy, half-life, stability and safety of therapeutic glyco-
proteins. To obtain consistent glycosylation patterns, efficient
manufacturing process and effective glycan characterization are
required [3].

Glycosylation is the most common protein post-translational
modification (PTM). This complex process occurs in endoplasmic
reticulum and Golgi apparatus [2] (Fig. 1). In general, glycans are
divided into two main groups, including N-glycans
(oligosaccharides attached to asparagine amino acid residue
through a nitrogen atom) and O-glycans (oligosaccharides attached
to serine or threonine through an oxygen atom) [4]. In the current
review we focus on N-linked glycosylation due to its importance in
modulating the stability, function and structural integrity of bio-
pharmaceuticals [5]. New approaches for O-glycosylation charac-
terization were recently shown [6,7].

N-glycans are classified into three main groups, namely oligo-
mannose glycans, complex glycans and hybrid glycans. Oligo-
mannose glycans contain only mannose monosaccharide units
(Fig. 1: M3, M5, M8). Complex glycans (Fig. 1: A3, A2B, FA2G2S2,
FA2G2Ga1) are usually galactosylated, sialylated, and core-
fucosylated. Hybrid glycans contain elements of both high
mannose glycans and complex glycans due to the processing of a1-
3 linked mannose residue of the trimannosyl chitobiose core
structure (Fig. 1: FM5A1). N-glycans biosynthesis consists of
removal and addition of sugars (N-acetylglucosamine (GlcNAc),
glucose (Glc), galactose (Gal), N-acetylgalactosamine (GalNAc),
fucose (Fuc), mannose (Man), and N-acetylneuraminic acid (Neu-
NAc)) depending on the presence of substrates and enzymes,
namely glycosidases (glucosidases, mannosidases) and glycosyl-
tranferases (GlcNAc transferases, galactosyltransferases, sialyl-
transferases and fucosyltransferases) (Fig. 1) [8,9].

In order to help scientists to describe glycans without the need
to draw the full chemical structure of the oligosaccharide, different
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nomenclatures have been introduced, including Oxford Glycobiol-
ogy Institute (UOXF) notation, UOXF color notation, Consortium for
Functional Glycomics (CFG) notation, CFG black and white notation
and CFG with linkage placement notation [10].

Genetically engineered cells in culture such as bacteria, plants
cells, insect cells, yeast, or mammalian cells are used for the pro-
duction of glycoproteins. Current recombinant technology for
therapeutic glycoprotein production is majorly based on mamma-
lian cell lines, predominantly Chinese Hamster Ovarian (CHO) cells,
baby hamster kidney cells (BHK), SP2/0 and NS0 cells (mouse
myeloma cells). Exceptions do exist with recent reports outlining
glyco-engineering strategies to produce certain glycosylated ther-
apeutic proteins in bacteria and yeast [11]. Mammalian cell lines are
more widely used for therapeutic protein expression due to their
ability to perform human-like PTMs (including glycosylation) [3].
Of the mammalian cell lines used within the industry, CHO cell
lines predominate as a commercial production host cell line due to
an established regulatory track record, their ease of use, their ability
to grow in suspension culture under chemically defined media
Fig. 1. Schematic picture of N-glycans and t
conditions and their exemplary safety record to date. Nevertheless,
a disadvantage of CHO cell line is that the protein glycosylation is
not consistent due to the differential activity of hundreds of en-
zymes involved in the glycosylation process that vary in response to
differences in the cellular environment during culture. This results
in different glycosylation patterns and lower batch-to-batch
repeatability [12]. Importantly, these molecular variations might
lead to an alteration on the therapeutic effect of the expressed
protein. Changes in glycosylation patterns of therapeutic proteins
play a crucial role in terms of structure, stability, solubility, clear-
ance, activity, and even immunogenicity [13e16]. For example,
therapeutic antibodies which lose terminal sialic acid residues are
thought to be removed faster from the blood circulation due to
interaction of exposed galactose residues with the asialoglycopro-
tein receptor on hepatocytes. Moreover, the anti-inflammatory ef-
fect of the therapeutic antibodies which lose terminal sialic acid
increases due to the improved ADCC and CDC effects [17e19]. A
third example is therapeutic antibodies lacking core-fucosylation,
which have been demonstrated to have higher ADCC activity than
heir biosynthesis using UOXF notation.
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their fucosylated counterparts [20]. The changes in mannosylation
can impact the half-life and cause off-target hepatic toxicities [21].

Modulation of N-glycosylation during the recombinant engi-
neering in the pharmaceutical industry is challenging. The N-
glycosylation profile of recombinant glycoprotein depends on
several culture conditions [22,23], including nutrient levels, dis-
solved oxygen level, pH, temperature, high stress, use of serum,
growth on micro carriers and media additives [24]. It has been
shown that b1,4-galactosylation of the N-glycans could be
controlled during the manufacturing process by adjusting the
media concentrations of manganese, galactose and uridine, which
are metabolic effectors of galactosylation [25]. Moreover, several
important control points during manufacturing process of recom-
binant glycoproteins have been recognized, such as glycosylation
enzymes (galactosyltransferase 4) and transport proteins [26,27].

Recent years have also witnessed considerable activity in the
area of cellular glycoengineering using a variety of engineering
strategies to produce specific or homogenous glycosylation vari-
ants. For example, establishment of FUT8 knockout CHO cell line
enabled the production of completely a fucosylated therapeutic
antibodies, which were demonstrated to have high-ADCC activity
and fixed quality and efficacy [28]. Another interesting strategy has
been lately introduced, called GlycoDelete, which shortens the
Golgi N-glycosylation pathway with a view to reducing complexity
of the N-glycans. Therefore, N-glycosylation is more consistent [29]
but might conversely miss important more complex glycans. Even
yeast cell lines can provide human-like glycosylation after hu-
manization of the glycosylation machinery [30], illustrating that
glycoengineering has a promising future.

The arrival of biosimilars has increased the market segment of
biotherapeutics and has emphasized the requirement of strong
analytical tools required to demonstrate physiochemical compa-
rability during the evaluation stage. As many patents of currently
marketed therapeutic proteins will expire in the coming decade
[31] the biosimilar market is likely to rapidly increase. A biosimilar
is a version of an already authorized therapeutic biological product
with demonstrated similarity in physicochemical characteristics,
efficacy and safety, based on a comprehensive comparability exer-
cise [32]. Accordingly, the term “biosimilar” is a preferred expres-
sion than “generic product”, which is used for chemically
synthetized active pharmaceutical ingredient (API) products.

According to the projected large reduction of healthcare cost,
the arrival of biosimilars on the market could be a great improve-
ment for patients and social health care departments. On one hand,
cost studies projected that biosimilars could save the USA more
than $ 250 billion between 2014 and 2024. In Europe and Asia,
application of biosimilars instead of innovator therapeutic proteins
could result in savings of up to 40%. However, subsequent studies
showed that cost savings were not as substantial as initially
thought due to the significant costs involved in the development
and manufacture of biosimilars [32].

Authorities, such as European Medicines Agency (EMA) or
United States Food and Drug Administration (FDA), control the
market of medicines including therapeutic proteins and biosimilars
in Europe and The USA, respectively. The first framework of guid-
ance for approval of biosimilars was published in 2005 by EMA. Five
years later, EMA published additional guidelines for biosimilar
medicinal products (containing mAbs) highlighting the regulatory
pathways needed for mAb biosimilar approval [33]. In the same
year, FDA published new guidance documents for biosimilars to
define recommendations for the American market [34]. Most
recent guidelines were published by EMA in December 2014,
entitled ‘Guideline on Similar Biological Medicinal Products con-
taining Biotechnology Derived Proteins as Active Substance: Non-
clinical and Clinical Issues’, which came into effect in July 2015
[35]. Concerning the glycobiological aspects of therapeutic pro-
teins, the regulatory authorities highlight that this point is impor-
tant but no specific guidelines are provided concerning their
analysis. As an example of lack of details within the regulatory
guidelines, the monograph for follitropin in the European Phar-
macopeia only requires the control of sialylation rate (via the Z
number calculation) but does not require any control of the pos-
sibility of immunogenic glycans [36].

The pharmaceutical industry must follow the most up-to-date
guidelines for biosimilars published by EMA or FDA. For example,
guidelines published by EMA define biosimilar as a product which
should be highly similar to the reference medicinal product in
physicochemical and biological terms. Any observed difference has
to be duly justified with regard to their potential impact on safety
and efficacy. In specific circumstances, e.g. for structurally more
simple biological medicinal products, a comparative clinical effi-
cacy study may not be necessary if similarity of physicochemical
characteristics and biological activity/potency of the biosimilar and
the reference product can be convincingly shown and similar effi-
cacy and safety can clearly be deduced from these data and
comparative pharmacokinetic data. Such an approach may have to
be supported by additional data, for example in vitro and/or clinical
pharmacodynamics data from a comprehensive comparative
pharmacodynamics fingerprint approach [37]. Indeed, guidelines
for biosimilars can becomemore uniform and clearer and therefore,
will guide manufacturers to produce biosimilars that will truly
benefit patients [38].

This review not only reports current analytical tools but also
addresses issues in the characterization of glycans present on
therapeutic glycoproteins. The necessity for powerful analytical
tools is discussed focusing on appropriate characterization of
attached N-glycans, to enable scientists to characterize and un-
derstand the role of glycans on the therapeutic glycoprotein and to
understand the role of the process in the generation of the thera-
peutic glycoprotein.

2. Analytical methods for glycoproteins characterization

Glycomics is an emerging scientific discipline and guidelines,
which define reports of glycoanalysis and associated databases, are
still improving. The EMA guidelines (in Section Production and
Quality Control of Monoclonal Antibodies) dictate that “the mAb
should be characterized thoroughly”. Characterization of the mAb
includes the determination of physicochemical and immuno-
chemical properties, biological activity, purity, residual host cell
impurities and quantity of the mAb, in line with International
Conference on Harmonization (ICH) guidelines. With regard to N-
glycosylation, EMA guidelines suggest that particular attention
should be paid to their degree of mannosylation, galactosylation,
fucosylation and sialylation and that distribution of themain glycan
structures should be determined [39,40].

Determination of the main glycan structures is not enough.
Content of all N-glycans structures should be reported. Even the
presence of small amounts of N-glycans epitopes (such as a1-3-Gal-
Gal, see Fig. 1) can be potentially dangerous (“drug allergens”) [41].
For example, the infliximab biosimilar Remsima®, which was
released on European market in 2013, is produced in murine hy-
bridoma cells as is the innovator (Remicade®). Infliximab produced
in this cell line has been shown to contain low amounts (less than
5% of total amount of glycans) of glycans bearing N-glycolyl neu-
raminic acid residues and alpha-1,3 Gal-Gal epitopes. Recent
studies revealed that there are differences between the innovator
and its biosimilar particularly in the amount of sialic acid, stressing
the importance of monitoring low abundance glycans, due to their
potential immunogenicity [42].
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Moreover, additional guidelines, which will help to standardize
reporting limits for qualitative and quantitative glycoanalyzes, are
essential. Reports should contain all necessary analytical informa-
tion, including conditions and techniques that are used in glycans
preparation, analysis that generate the primary data, and tools and
parameters that are employed to process primary data to ensure
reproducibility of the data at independent laboratory sites.

Analytical technologies must be accurate, precise, reproducible,
robust, and scalable, must have the best possible resolution, pro-
duce minimal artifacts, and be based on separation parameters that
are linked to the analyzed structure. Briefly, analyses of therapeutic
proteins require state of the art techniques which typically include:

Amino acid analysis is in use in order to confirm correctness in
the primary sequence and absence of mutations. Peptide mapping
it is used as a confirmatory tool. Amino acid analysis is usually
performed after total enzymatic or chemical hydrolysis of the
therapeutic protein followed by reverse phase liquid chromatog-
raphy coupled to UV or fluorescence detection. Classical post-
column derivatization reagents for amino acid detection include
ninhydrin, fluorescamine, dansylchloride, 4-fluoro-7-nitrobenzo-
2,1,3 oxadiazole, phenylisocynate, and o-phthalaldehyde. For anal-
ysis of complex biological mixtures, such as samples taken during
the production process of therapeutic proteins, pre-column deriv-
atization with o-phthalaldehyde (OPA) and 9-
fluoronylmethylchloroformate (FMOC) are used [43].

Peptide mapping enables to confirm the primary sequence and
the absence of point mutations. Therapeutic proteins are usually
digested by specific proteases (e.g. trypsin). Resulting peptide
mixtures are separated by reverse phase liquid chromatography
and detected by UV and/or high-resolution tandem mass spec-
trometry (HR-MS/MS). UV detection only enables detection of
variation in combination with alterations in peptide retention time
or selectivity due to the presence of a PTM. MS/MS enables the
collection of higher quality information, including determination of
the sequence of each peptide [44]. Furthermore, for glycan analysis,
glycopeptide analysis can provide information regarding glycosyl-
ation site occupancy and heterogeneity. This is discussed below.

Analysis of heavy chains (Hc), light chains (Lc), Fab domains, and Fc
domains (monoclonal antibody) provides information on the
domain level for mAbs and is complementary to peptide mapping.
Separation of the subunits of mAbs can be obtained by degradation
of the mAbs using papain, endoproteinase Lys-C, pepsin and most
recently immunoglobulin G-degrading enzyme (IdeS). Subunits of
mAbs are usually characterized by HRMS analysis due to their
larger molecular size (~25e50 kDa). HRMS analysis provides solid
N-glycan profiling and micro variant identification [45].

Intact protein analysis and the detection of charge variants enables
the determination of C-terminal lysine variation, asparagine-
aspartic acid deamidation, sialic acid, and other variants. For the
analysis of charge variants, intact proteins are commonly analyzed
using exchange chromatography (IEC) coupled to UV detection.
Lately, IEC has been largely improved through the implementation
of different pH gradients rather than traditional salt gradient based
elution, allowing for increased resolution of individual variants to
be obtained [46]. Furthermore, analysis of the intact protein using
reverse phase LC (RP-LC) coupled HRMS is now largely used. This
analytical method enables rapid mass analysis of the proteins,
which when compared to the theoretical expected mass values
allows for the rapid identification of potential PTMs or point mu-
tations in the primary sequence. If the protein is glycosylated,
glycoform detection is also possible (see Section 2.1) which when
performed in conjunction with the protein following deglycosyla-
tion provides information about charge variant like C-terminal
lysine variation [47,48].

Detection of aggregates (dimers or multimers of the protein) is
extremely important for formulation and stability assessments of
the therapeutic proteins. Moreover, presence of certain aggregates
can significantly change the characteristics of the therapeutic
proteins, such as efficacy and immunogenicity. Aggregates are
commonly detected by size-exclusion chromatography (SEC). SEC is
definitely favourable method for its speed and reasonable repro-
ducibility [49].

For a complete review on this topic, see the latest reviews Fekete
et al. [50] and Reusch et al [51] and other reviews, as Sandra et al.
[52] and Berkowitz et al. [53].
2.1. Characterization of glycosylation

Glycosylation characterization of therapeutic proteins has
become regulatory requirement in the pharmaceutical analytics
[53], due to the potential effects on activity and/or immunogenicity
of the therapeutic proteins. Characterization of glycosylation in-
cludes the determination of the glycan sequences, linkage types,
sites where glycans are attached to the protein, and macro- and
micro-heterogeneity. Macro-heterogeneity is the heterogeneity of
glycans which have variable percentage of occupancy of glycosyl-
ation site(s). While micro-heterogeneity is the heterogeneity of
glycans that are attached to a specific glycosylation site [54].

In recent years, methods, instruments and reagents have rapidly
progressed and current analytical strategies can provide highly
detailed glycan composition. In the following section, state-of-the-
art approaches for N-glycan analyses are described and discussed
(Table 1). In Table 2, we suggest a choice of techniques for glyco-
protein analyses. Fig. 2 illustrates analytical strategies of glyco-
proteins including glycan mapping and heterogeneity aspects.
2.1.1. Direct analysis of glycoforms
Direct analysis of glycoforms facilitates the analysis of glyco-

sylation due to the minimal sample preparation. Development of
such rapid methods is essential for the introduction of new glyco-
analysis techniques to pharmaceutical industry. For this purpose,
capillary electrophoresis (CE) and liquid chromatography (LC) both
coupled to high resolution mass spectrometry (HR-MS) are largely
used. CE offers excellent separation efficiency enabling the detec-
tion of individual intact glycoforms of glycoproteins, such as
oxidized and acetylated variants of glycoforms. Accordingly, im-
provements in MS resolution facilitate the analysis of the intact
molecules with higher accuracy [55,56]. Fig. 3 illustrates decon-
vulated mass spectra of four lots of reduced trastuzumab analyzed
by RP-LC HR-MS. Only the heavy chain is shown where the major
glycoforms are detected (FA2, FA2G1, FA2G2, A2G2, A2G1, A2, and
M5). Furthermore, Table 3 describes the mass shift observed for the
major described glycans. These mass shift values can be combined
when several sites of glycosylation are present on a protein or a
peptide. Intact glycoprotein analysis approach using capillary zone
electrophoresis-electrospray-MS (CZE-ESI-MS) was described
detecting minor glycan modifications of erythropoietin. Accord-
ingly, excellent glycoform separation results, high dynamic range,
and good sensitivity were achieved [57]. Another study describes
analysis of intact recombinant human vascular endothelial growth
factor (VEGF) using capillary isoelectric focusing (CIEF) coupled to
the MALDI-TOF-MS [58]. Recently, it was shown that direct analysis
of an intact mAb enabled quantitation of incomplete N-glycan oc-
cupancy based on HILIC separation of the glycoprotein [59]. How-
ever, analysis of intact protein for glycoprofiling may not enable the
detection of lowabundant glycans, therefore glycanmapping is also
required for complimentary analysis of the total glycan pool pre-
sent on a glycoprotein.



Table 1
Summary of glycosylation characterization analytical methods.

Glycan characterization Separation/Detection
techniques

Advantages Disadvantages References

Direct analysis of glycoforms CE-HR-MS
LC-HR-MS

- Intact mass profiling
- PTM detection
- Detection of different isoforms
- Rapid method

[55e58,113,114]

Glycan mapping CE/LC-fluorescence/
MS/
MALDI-TOF

- Detailed glycan composition
- High-resolution separations
- Consistent quality
- Robust performance

- Time consuming (even if new rapid
approaches are described)

[59,62,63,69,115]

Determination of N-glycan macro- and
micro-heterogeneity

LC-MSMS (CID, ETD)
LC-HRMS
LC-fluorescence

- Determination of different
occupying sites

- Time consuming
- Requires high expertise

[65,66,113,116]

Analysis of monosaccharide content AEC-PAD
GC-MS
CE-UVVIS/MS

- Determination of complex
glycan structures

- High sensitivity
- Baseline separation
- Avoidance of sugar
derivatization

- Requires high expertise [75,76]

Table 2
Proposed choice of analytical approaches for N-glycosylation characterization.

Glycan characterization Sample preparation Separation
techniques

Detection
techniques

References

Direct analysis of glycoforms No sample preparation CE (SI) (HR)MS [55,56]
Glycan mapping Digestion by PNGase F 2-AB labeling LC (HILIC) Fluoresce-MS(/MS) [115]

NHS carbamate labeling and PNGase F (Done in only
30 min)

LC (HILIC) Fluoresce-MS(/MS) [59]

Determination of N-glycan macro- and micro-
heterogeneity

Digested by trypsin/LysC/pepsin LC (RP) MS(/MS) (ETD) [45]
No sample preparation (If occupancy is more than 1%) LC (RP/HILIC) Fluoresce-MS [117]

Analysis of monosaccharide content Total hydrolysis by acetic acid or trifluoroacetic acid HPAEC PAD or MS [75]

CE: Capillary electrophoresis; LC: Liquid chromatography; HILIC: Hydrophilic liquid chromatography; (HR)-MS: (High-resolution) mass spectrometry; RP: reverse phase; ETD:
electron-transfer dissociation; HPAEC: high-performance anion-exchange chromatography; PAD: pulsed amperometric detection.

Fig. 2. Schematic picture of strategies for glycoprotein analyses.
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2.1.2. Glycan mapping
Glycan mapping, or exact structural determination of glycans, is

required for the release of batches of therapeutic protein. The most
straightforward and reproducible way to release N-glycans is a
digestion by peptide-N-glycosidase F (PNGase F) of unfolded pro-
tein. PNGase F catalyzes the cleavage between GlcNAc and aspar-
agine amino acid residue. It releases almost all N-glycans from
proteins except those bearing an a1-3 linked fucose residue
attached to the reducing terminal GlcNAc residue [60,61]. In such
cases, PNGase A can be used as an alternative. PNGase A shows
lower efficiency in N-glycan release compared to PNGase F, but it
releases N-glycans containing the a1-3 linked fucose on the
reducing terminal GlcNAc residue, an epitope that is produced by
insect and plant cell lines [60]. In certain cases, proteolytic diges-
tion is recommended in order to improve the efficiency of the
subsequent glycan release with PNGase F or PNGase A. However,
PNGase F does not cleave glycans which are attached to the Asn
residue in N- or C-terminal positions of a peptide [62]. After glycan
release, glycans are separated either by liquid chromatography (LC)
or by capillary electrophoresis (CE), which are coupled to appro-
priate detection instruments, including fluorescence and/or MS.
Matrix-assisted laser desorption ionization time-of-flight MS
(MALDI-TOF) analysis might also be used without any previous
glycan separation and provides a mass based fingerprint of glycans



Fig. 3. Deconvulated mass spectra of the heavy chain of four lots of reduced trastuzumab analyzed by RP-LC HR-MS. The major glycoforms are detected (FA2, FA2G1, FA2G2, A2G2,
A2G1, A2, M5).

Table 3
The most common N-glycans of therapeutic proteins and their formula and mass.

N-Glycan name Formula Delta monoisotopic Mass Delta average Mass

A1 C42O30N3H69 1095.3965 1096.0120
A2 C50O35N4H82 1298.4760 1299.2142
A2G1 C56O40N4H92 1460.5288 1461.3574
A2G1S1 C67O48N5H109 1751.6241 1752.6241
A2G2 or A2G1Gal1 C62O45N4H102 1622.5816 1623.5007
A2G2S1 C73O53N5H119 1913.6769 1914.7497
A2G2S2 C84O61N6H136 2204.7723 2206.0076
FA1 C48O34N3H79 1241.4544 1241.1550
FA1G1 C54O39N3H89 1403.5073 1404.2974
FA2 C56O39N4H92 1444.5339 1445.3580
FA2G1 C62O44N4H102 1606.5867 1607.5013
FA2G1S1 C73O52N5H119 1897.6820 1898.7503
FA2G2 C68O49N4H112 1768.6395 1769.6445
FA2G2S1 C79O57N5H129 2059.7348 2060.8927
FA2G2S2 C90O65N6H146 2350.8302 2352.1506
FA2B or FA3 C64O44N5H105 1647.6131 1648.5450
M3 C34O25N2H56 892.3172 892.8171
M4 C40O30N2H66 1054.3699 1054.9500
M5 C46O35N2H76 1216.4228 1217.1019
M6 C52O40N2H86 1378.4756 1379.2443
M7 C58O45N2O45 1540.5284 1541.3867
M8 C64O50N2H106 1702.5812 1706.5291
FM5A1G1 C66O49N3H109 1727.6128 1728.5822
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[63].
Glycan mapping is more challenging when isomeric structures

are present (e.g. isobaric mass structures for MS detection and co-
eluting structures in LC). Digestion of the glycans with exoglyco-
sidase enzymes is highly beneficial in such cases, facilitating the
determination of the monosaccharides present and their associated
linkage information and annomericity. Stepwise digestion of the
glycan pool using different combinations of specific exoglycosi-
dases is performed, which remove terminal monosaccharides in a
specific linkage orientation. Digested glycans are analyzed by LC-
Fluorescence, LC-ESI-MS or MALDI-MS [64]. Linkage information
is important for structural characterization of glycans. As an
example, the type of sialic acid linkage can be determined using
both specific sialidase NAN1 (releasing a-(2e3) linked non-
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reducing terminal sialic acids) and nonspecific sialidase from
Athrobacter ureafaciens (releasing both a(2e3) and a(2e6) linked
non-reducing terminal sialic acids). Specific fucosidase, hex-
oaminidase, etc. are also available to identify different type of
linkage [64].

Analysis limitation to the exoglycosidase digestion approach is
the degree of user expertise required for successful data analysis,
however, informatics tools such as GlycoBase assist with interpre-
tation of the resulting experimental data.

2.1.3. Determination of N-glycan macro- and micro-heterogeneity
Analysis of glycosylation macro- and micro-heterogeneity usu-

ally requires digestion of intact glycoproteins to glycopeptides.
Glycoproteins are digested using specific proteases (e.g. trypsin,
Lys-C or pepsin etc.) [45]. Resulting peptide mixtures are
commonly analyzed by LC-HR-MS/MS with N-glycopeptide frag-
mentation. Tandem MS analysis resulting from collision-induced
dissociation (CID) of N-linked glycopeptides has recently been
proven to be very effective in characterization of N-glycan micro-
heterogeneity. Unfortunately, data processing, including MS/MS
spectra of glycopeptides, is extremely time consuming and requires
high expertise of the analyst even where improvements to data-
bases and software tools for interpretation have been made
[65e69]. As an alternative to CID, electron-transfer dissociation
(ETD) tandem MS, which fragments the peptide backbone of gly-
copeptides leaving the modification intact enables easier identifi-
cation of both the amino acid sequence of a glycopeptide and the
unambiguous assignment of its glycosylation site [70]. For example,
trastuzumab and erythropoietin have been successfully character-
ized using LC-ETD-QTOF-MS [71].

The application of 18O based labeling for glycosylation site oc-
cupancy identification is also beneficial for macroheterogeneity
analysis [72,73]. For example, occupancy changes of immunoglob-
ulin G were detected by adding PNGase F to the immunoglobulin G,
which were previously labeled with 18O stable isotope labeling [74].
Occupancy analysis has also been demonstrated for intact mAbs
analysis using HILIC chromatography and fluorescence detection
[59].

2.1.4. Analysis of monosaccharide content
Monosaccharide analysis is the simplest form of glycan char-

acterization, enabling a determination of the type and the relative
percentage of individual monosaccharides present in the complex
glycan chains of therapeutic glycoproteins. For example, if sialyla-
tion, synthesis of complex glycans or synthesis of high-mannose
glycans was modulated, changes in relative presence of mono-
saccharides will be detected. To facilitate monosaccharide analysis,
N-glycans are hydrolyzed under acidic conditions (acetic acid or
trifluoroacetic acid 2e4 M at 80e100 �C for several hours, generally
2e4 h). Obtained monosaccharides are later detected by anion-
exchange chromatography (AEC) coupled to pulsed amperometric
detection (PAD) or MS. PAD is mainly used for the analysis of non-
acidic sugars and offers numerous advantages such as high sensi-
tivity, baseline separation and avoidance of sugar derivatization
and associated sample clean up [75]. Monosaccharides can be also
separated by capillary electrophoretic methods [76]. For a complete
review of analytical methods for monosaccharide analysis, see
Cataldi et al. [77] and Jandik et al. [78].

Another advantage of monosaccharide analysis is that it enables
to study linkages. Indeed, after permethylation of glycans, acidic
release of monosaccharides, deuteron-reduction and per-
acetylation is performed. Using electron-impact-GC-MSMS anal-
ysis, specific monosaccharides are obtained. This method is based
on known retention time of specific monosaccharides with a
different acetyl tag. Described method enables to give more
information about linkages [61].

2.2. Description of techniques used in the analysis of glycans

2.2.1. Glycan separation techniques
Glycans or glycopeptides are usually separated via LC or CE prior

to detection. LC separations are based on analyte distribution be-
tween the stationary and the mobile phase, while CE separation is
based on specific mobility of the analytes in an electrical field
depending on charge, size and shape of the molecule [79e81]. LC
and CE methods were compared for precision, accuracy and
throughput, see Reusch et al [51], wherein it was shown that both
methods have excellent precision and accuracy.

Different stationary phases are used for the liquid chromato-
graphic separation of glycans [82] (Table 4), and were compared by
Melmer et al. [83]. HILIC has become favourable method for sepa-
ration of glycans mostly due to the higher solute diffusivity, higher
retention, higher resolution, better sensitivity and better peak
shapes compared to RP-LC [84]. Fig. 4 illustrates HILIC separation
chromatogram of released N-glycans from human IgG. The only
major downside of HILIC is that it demands high content of
acetonitrile (up to 90%), which is harmful to the environment [85].
Porous graphitized carbon (PGC) columns are also successfully used
for the separation of glycans and very polar sugar phosphates [86].
Reverse phase LC separations of anthranilic acid (2-AA) labeled N-
glycans have also been described [87]. Weak anion exchange
chromatography (WAX) is used for separation of charge variants of
glycans, such as glycans with different number of sialic acid resi-
dues, sulphated glycans, and phosphorylated glycans [88]. In
addition, nano-LC systems are used for glycans separation in case of
characterization of small volume samples. Chip technology has also
been used in combination with nano-LC systems [89] and a novel
chip (polymeric microfluidic device with an on-chip enzyme
reactor) has been developed facilitating the streamlined analysis of
glycoproteins [90].

2.2.2. Glycan detection techniques
Glycans poorly absorb ultraviolet (UV) light. Therefore, detec-

tion of glycans is more demanding than detection of proteins or
peptides. Glycans are usually detected by mass spectrometry or
fluorescence detection after derivatization.

2.2.2.1. Derivatization/labeling and detection of glycans.. To increase
the sensitivity of glycan detection, several structural modulations
are described including permethylation (addition of methyl group
to hydroxyl groups), modification of sialic acids (e.g. esterification
of the carboxylate group or neutralization of the sialic acid [91]),
reduction of the free reducing-end, modification of the reducing
end by addition of a fluorescent-tag group (e.g. of the 2-AA (an-
thranilic acid), 2-AB (2aminobenzamide), aniline, or APTS (1-
aminopyrene-3,6,8-trisulfonic acid) Table 5), and isotope labeling
(e.g. addition of 13C- and deuterium-labeled groups). Other labeling
reagents are described in the literature and non-exhaustive list
might be found in the review of D. Harvey [92].

The choice of glycan modification depends on the analytical
platform used for glycan detection. Labeling might be important
also in terms of separation of the glycans. Permethylation increases
glycan hydrophobicity and for this reason reverse phase LC is
preferred. However, due to the permethylation, the hydrophobicity
can increase in such extent that glycans may not separate suc-
cessfully [93]. Moreover, 2-AB labeling is the method of choice for
HILIC separation due to the lack of the negative charge. APTS is
highly negatively charged and is the tag of choice for CE separation,
especially when laser induced fluorescence detection is used due to
the compatibility of APTS with 488 nm lasers [92] (Table 5).



Table 4
Summary of the HILIC, PGC, C8eC18, and WAX characteristics.

Mechanism Advantages Disadvantages

HILIC Variation of reversed phase using a polar stationary phase, water in
the mobile phase forms an
aqueous-rich layer

High resolution ACN consumption
Lower resolution for highly sialylated
glycans

PGC Reverse phase, not fully determined High resolution Interactions with MS detector (when it is
directly combined)

C8eC18 Reverse phase Low resolution
WAX Ion chromatography Separation of charged glycans (sialic acid,

sulphated glycans)

Fig. 4. Chromatogram of IgG released N-glycans using HILIC separation. Major peaks are illustrated with corresponding glycan structure.
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Recently, labeling reagents have been improved and newer
techniques have been introduced. N-glycans are labeled with an N-
hydroxysuccinimide (NHS) carbamate rapid tagging group and a
highly basic tertiary amine (for enhancing ionization). Rapid
tagging has been directly integrated with PNGase F digestion prior
to the LC-FLR-MS analysis. PNGase F releases N-glycans as glyco-
sylamines which enables amine reactive NHS chemistry. Compared
to other labeling processes, the aforementioned method is
extremely rapid, making this labeling chemistry an excellent choice
for routine analysis, such as batch-to-batch analysis. The downside
of this novel labeling reagent is that it reacts with the terminal
amino group of the released glycans, which is unstable and there-
fore the process has to be very rapid. Possible limitations of the
technique include less effective labeling resulting from rapid hy-
drolysis of the reducing terminal glycosylamine or less effective
glycan release with PNGase F due to short incubation times. This
method is not inherently suitable for glycoprofiling of a new bio-
logical product, whereby N-glycans are not known in advance [59].

Reduction of the reducing-end of N-glycans is very important
when performing LC separation. If N-glycans are not reduced, both
closed ring and open chain anomeric forms of the same sugar
(Fig. 5) might be separated by LC. This phenomenon leads to two
chromatographic peaks for a single N-glycan. Reduction of the
reducing terminal GlcNAc to its corresponding alditols avoids this
anomeric interconversion but prevents further derivatization of the
reducing terminal with reagents for optical or fluorescence detec-
tion [92].

Combined fluorescence and MS detection of labeled N-glycans
enables informative glycan characterization due to the ability to
generate simple fluorescence chromatograms but also to collect
mass information for the glycan species present in each chro-
matographic peak. When fluorescence is followed by MS detection,
several tags can be used. For example, 2-AA in negative mode MS
detection is preferable to 2-AB, as 2-AA due to facilitated formation
of the pseudomolecular anion of 2-AA labeled glycans in negative
ion mode. In positive mode, procainamide has shown better ioni-
zation efficacy and better identification of minor glycans than 2-AB
due to the presence of the quaternary amine functionality within
the molecule (see Table 5 for preference ionization mode) [94].

2.2.2.2. Fluorescence detection. Fluorescence detection is generally
more sensitive than MS detection for glycans. However, MS
detection enables deeper structural determination of glycans.
Fluorescence detection usually requires further experiments, e.g.
exoglycosidase digestion or/and use of normalization and database
searching for structural confirmation. LC coupled to the fluores-
cence detector has become standard technique for characterization
of 2-AA and 2-AB labeled N-glycans [92]. Accordingly, several kits
are available for N-glycan labeling.

Disadvantage of fluorescence detection compared to MS detec-
tion is that glycans have to be labeled before being detected. For
this reason, sample preparation for fluorescence detection is time
consuming compared to MS characterization [95]. Moreover, la-
beling reagents are usually present in large excess and later they
have to be removed by additional cleaning steps using e.g. size-
exclusion chromatography (SEC) and/or solid-phase extraction
(SPE) [96,97]. For example, SPE is a commonly required method for
the permethylated glycans purification, as permethylated glycans



Table 5
The most commonly used reducing end tags for glycan fluorescence detection [100].

Reducing-end tag name Abbreviation Structure Separation/detection techniques

2-aminobenzamide 2-AB LC (HILIC)-favourable
Fluoresce
MS (negative mode)

2-amino benzoic acid (Acide Anthranilic) 2-AA LC (HILIC)
Fluoresce
MS (negative mode)- favourable

Procainamide LC (HILIC)
Fluoresce
MS (positive mode)

8-aminopyrene-1,3,6-trisulfonic-acid APTS CE
Fluoresce
MS (negative mode)
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are retained onto the solid reversed-phase of SPE where 2-AB or 2-
AA labeled glycans can be clean-up using HILIC phase SPE. How-
ever, this purification step requires time and increases the potential
for loss of material [98].

2.2.2.3. MS detection. Recently, a review paper focusing on MS for
glycosylation analysis has been published, see Dotz et al. [99],
which provides an extensive review of MS methods, including
MALDI-MS, direct ESI-MS/(MS), LC-ESI-MS, CE-MS, and IM (ion
mobility)-MS. Another review article has been published by Ley-
marie and Zaia [100], which focuses on tandem MS and describes
dissociation mechanisms and product ions that arise there from.
The majority of the methods available for glycans characterization
are also extensively described in Alley et al. [101]. Hereinafter, we
focused on these aspects that are not discussed in the mentioned
review articles.

The major points to consider before starting analysis of glycans
usingMS detection are: the use positive or negativemode?; will MS
suffice or is MS/MS required?; is high resolution MS analysis
required?; what way will the data be collected?; which informatics
tools will be used to analyze the resulting data? For example, to
analyze MSMS fragmentation of human plasma IgG, negative mode
high resolution MS/MS are useful as exact mass and arm specific
fragments can be generated. Fig. 6 illustrates MS/MS spectra of FA2,
FA2G1, and FA2G2S1 N-glycans.

Data collection using negative or positive mode is a major
consideration. Positive mode is generally more sensitive but
negative-ion formation provides more information than positive-
ion formation about specific compositions, such as location of
fucose. However, it is harder to achieve negative-ion formation of
neutral N-glycans in certain cases, for example by using MALDI-MS.
In order to provide better MS spectra using MALDI-MS in negative
mode, special matrixes are in use, such as 6-aza-2-thiothymine and
2,4,6-trihydroxyacetophenone. Moreover, permethylation of N-
glycans and characterization by RP-LC-MS provides a solution to
detect neutral N-glycans and sialylated N-glycans simultaneously
with normalized response factors.

In general, the stability of N-glycans is high in comparison to the
stability of proteins. Recently N-glycans analysis in mAbs by a
twoplex method using LC-fluorescence-MS detection, showed
excellent stability even following exposure to forced degradation
conditions [102].

However, it is known that N-glycans can be degraded or suffer
from rearrangement during MS analysis. Terminal sialic acid and
terminal fucose are indeed rather unstable during CID MS/MS.
Several methods of derivatization are available to improve the
stability of sialic acid and fucose. Rearrangements of fucose within
the MS were observed in several experiments. Permethylation is
certainly the most referenced technique and has been used for a
long time in order to increase the stability of N-glycans in MS [61].
This derivatization technique also avoids rearrangements or loss of
terminal sialic acid and terminal fucose during MS/MS.

For example, fucose rearrangement products can be detected
after CID fragment-ion analysis in certain conditions, which makes
the interpretation of the fragmentation spectrum more difficult.
Fucose rearrangement products can be misleadingly interpreted as
B-type ions of structural isomers. Indeed, when glycans are frag-
mented it has been demonstrated that rearrangements might occur
generating potential fragments that cannot be synthetized in vivo. It
is noteworthy that permethylation can solve the phenomenon of
rearrangements [103,104].

Sialylated glycans have lower ionization efficiency than neutral
glycans in positive mode and have been shown to lose terminal
sialic acid during theMS analysis. Several methods of derivatization



Fig. 5. Reduction of reducing-end of glycan.
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are currently in use, which improve the stability of sialic acid res-
idues by neutralizing their negative charge. Morelle and Michalski
described several methods of derivatization, for example, methyl
esterification of the carboxyl group of sialic acid residues, which
allows simultaneous analysis of neutral and sialylated oligosac-
charides in the positive ion mode by MALD-MS. Methylation is
commonly used to stabilize the sialic acid residues [61]. Tousi et al.
in their study combined linkage specific derivatization of sialic
acids (reaction with DMT-MM) with nanoscale HILIC separation
prior to HR-MS analysis. Furthermore, their derivatization also
improves HILIC separation [105].

2.2.2.4. Detection of isomeric forms and linkage analysis..
Some glycans exist in multiple isomeric forms, with the same mass
but different structure. With a view to distinguishing isomers,
detailed structural characterization is required. Combination of
specific exoglycosidase digestions and LC coupled to tandem MS
(LC-MS/MS) or fluorescence is usually applied [106].

More recently, ion mobility MS (IM-MS) was shown as an
interesting tool for isomeric glycan analysis. This analyzer brings
one supplemental dimension to MS by introducing a separation
based on themobility of ions in a carrier gas. For more details about
ion mobility approach see review of Yamaguchi et al. [107] and
Harvey et al. [108].

2.3. Bioinformatics tools in analytics

Considering that glycomics is still in its infancy relative to the
more mature omics such as genomics, transcriptomics and prote-
omics, accordingly, bioinformatics tools for the interpretation of
glycomics data lag behind their other omics counterparts. Usually
interpretations of glycomic data require high knowledge of glyco-
biology and considerable manual input. Advanced glycosylation
characterization approaches reflect in creation of several new da-
tabases and bioinformatics tools. The purpose of databases is
providing help to those who are dealing with glycosylation char-
acterization [109]. There are several available databases containing
N-glycan and O-glycan structures, for example Carbbank, the
Consortium for Functional Glycomics, EUROCarbDB, GLYCO-
SCIENCES.de, KEGG, CFG's Glycan Structures Database, GlycoBase
Database, etc. [110].

As an illustration, CFG's Glycan Structures Database provides
detailed structural and chemical information about glycans,
including both synthetic glycans and endogenous glycans. This
database provides links to other external databases, which include
additional information, such as binding sites and 3-D modeling
feature.

Another example is GlycoBase Database which has been created
in order to help researchers to determine glycan structures in
samples. It is based on systematic analysis of released glycans from
many different glycoproteins. Retention time for each glycan cor-
responds to the specific dextran ladder value, expressed as Glucose
Units (GU values). Currently, GlycoBase 3þ contains GU values for
more than 600 2-AB labeled N-glycans [111].

Another software, GlycoWorkBench (EUROCarbDB design
study), was developed to help researchers to draw glycans, to
determine glycan mass and to analyze MS and MSMS data. The
software is even coupled to other databases [112]. Moreover, other
software, such as SimGlycan® (Premier Biosoft International, Palo
Alto, CA, USA), or online tools for glycan identifications, such as
GlycoPeakfinder, were developed. However, there is still a lack of
software required to make data processing really easier.

3. Perspectives and concluding remarks

Therapeutic glycoproteins are currently the most promising
therapeutic group for the treatment of diseases, such as certain
types of cancers and immune deficiencies. The exponential growth
of the therapeutic glycoprotein market and the release of several
biosimilars make the analytics of glycoproteins a major focus for



Fig. 6. MSMS spectra of (A) FA2 (B) FA2G1 and (C) FA2G2S1. The major peaks of the fragments are illustrated with the corresponding structure.
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the future. Therapeutic glycoproteins have complex structures and
consequently it is necessary to have access to advanced charac-
terization methods in order to demonstrate safety and quality from
the resulting physiochemical analytical data. Progressively, glyco-
sylation characterization is becoming more and more important.
Correct glycosylation patterns and batch-to-batch reproducibility
of glycosylation are essential. Furthermore, in the near future, many
patents of original therapeutic glycoproteins will expire. Therefore,
the importance of biosimilar development and their characteriza-
tion are also gaining significant importance. In this context, more
efficient and faster analytical methods as well as better statistical
approaches are required.

Indeed, there is a lack in the harmonization within regulatory
guidelines, especially in the context of authorities' requirements.
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The latter are indeed constantly being reviewed according to the
new findings in the field. This will help to achieve more stan-
dardized reports for qualitative and quantitative glycoanalyzes. In
the area of glycosylation characterization guidelines, only major
glycans of certain therapeutic proteins are controlled. Although it is
well known that specific glycan epitopes, as galactose-a-1,3-
galactose (a-1,3-Gal) motive and terminal N-glycolylneuraminic
acid (NeuNGc), can be potentially immunogenic even in very small
quantities. Therefore, approaches which can detect very small
changes in glycosylation profiles of the therapeutic glycoproteins,
are of great importance.

With a view to introducing more detailed glycoanalysis to the
industry, faster and improved methods are needed. In the last
decade, many new approaches have been developed in terms of
glycans and glycopeptides analysis, in the field of derivatization,
separations and detection. Certainly, even better approaches for
glycoanalysis are in progress. New sample preparation approaches
might be promising, such as online systems, 2D-LC separations,
rapid PNGase F digestion, etc. Those new approaches can shorten
the protocols of glycoanalysis from one week to only a few hours,
which is extremely promising. Furthermore, sensitivity of devel-
oped methods is constantly improving.

Although the analysis of released glycans is often preferred for
glycobiological analysis, new instruments, columns, phase chem-
istry, and MS resolution also allow analysis of intact protein or
glycopeptides. These methods are becoming increasingly popular
and might become the standard quality control of therapeutic
glycoproteins andmight be implemented in the guidelines that will
be released by authorities in the future.

Data processing also need to be improved. There is a need to
obtain conclusions from MS and/or fluorescent data in a shorter
timeframe. Nowadays, extraction of mass spectrometry data is still
very time-consuming and appropriate statistical approaches
should be applied in order to simplify data processing with the
view to helping the manufacturers to assess the changes in glyco-
sylation more easily and faster.

Author contributions

Planinc, A., Delporte C., Bones J. and Van Antwerpen P. designed
the concept for the manuscript.

Planinc A. and Delporte C. wrote the manuscript.
Bones J., Van Antwerpen P. and Dejaegher B corrected the

manuscript.

References

[1] Z. Vajo, J. Fawcett, W.C. Duckworth, Recombinant DNA technology in the
treatment of diabetes: insulin analogs, Endocr. Rev. 22 (2001) 706e717.

[2] P. Hossler, S.F. Khattak, Z.J. Li, Optimal and consistent protein glycosylation in
mammalian cell culture, Glycobiology 19 (2009) 936e949.

[3] Y. Durocher, M. Butler, Expression systems for therapeutic glycoprotein
production, Curr. Opin. Biotechnol. 20 (2009) 700e707.

[4] C.E. Warren, Glycosylation, Curr. Opin. Biotechnol. 4 (1993) 596e602.
[5] P.H. Jensen, N.G. Karlsson, D. Kolarich, N.H. Packer, Structural analysis of N-

and O-glycans released from glycoproteins, Nat. Protoc. 7 (2012) 1299e1310.
[6] L.-J. Huang, J.-H. Lin, J.-H. Tsai, Y.-Y. Chu, Y.-W. Chen, S.-L. Chen, et al.,

Identification of protein O-glycosylation site and corresponding glycans us-
ing liquid chromatography-tandem mass spectrometry via mapping accurate
mass and retention time shift, J. Chromatogr. A 1371 (2014) 136e145.

[7] S. Houel, M. Hilliard, Y.Q. Yu, N.O. Meloughlin, S. Millan, P.M. Rudd, et al., N-
and O-Glycosylation analysis of etanercept using liquid chromatography and
quadrupole time-of-flight mass spectrometry equipped with electron
transfer dissociation functionality, Anal. Chem. 86 (2013) 576e584.

[8] A. Driouich, P. Gonnet, M. Makkie, A.-C. Laine, L. Faye, The role of high-
mannose and complex asparagine-linked glycans in the secretion and sta-
bility of glycoproteins, Planta 180 (1989) 96e104.

[9] T.S. Raju, J.B. Briggs, S.M. Borge, A.J.S. Jones, Species-specific variation in
glycosylation of IgG: evidence for the species-specific sialylation and branch-
specific galactosylation and importance for engineering recombinant
glycoprotein therapeutics, Glycobiology 10 (2000) 477e486.
[10] D.J. Harvey, A.H. Merry, L. Royle, M.P. Campbell, R.A. Dwek, P.M. Rudd,

Proposal for a standard system for drawing structural diagrams of N- and O-
linked carbohydrates and related compounds, Proteomics 9 (2009)
3796e3801.

[11] S.R. Hamilton, T.U. Gerngross, Glycosylation engineering in yeast: the advent
of fully humanized yeast, Curr. Opin. Biotechnol. 18 (2007) 387e392.

[12] N. Sethuraman, T.A. Stadheim, Challenges in therapeutic glycoprotein pro-
duction, Curr. Opin. Biotechnol. 17 (2006) 341e346.

[13] A. Kobata, The N-linked sugar chains of human immunoglobulin G: their
unique pattern, and their functional roles, Biochim. Biophys. Acta 1780
(2008) 472e478.

[14] T.S. Raju, B. Scallon, Fc glycans terminated with N-acetylglucosamine resi-
dues increase antibody resistance to papain, Biotechnol. Prog. 23 (2007)
964e971.

[15] Z. Szabo, A. Guttman, J. Bones, R.L. Shand, D. Meh, B.L. Karger, Ultrasensitive
capillary electrophoretic analysis of potentially immunogenic carbohydrate
residues in biologics: galactose-a-1,3-galactose containing oligosaccharides,
Mol. Pharm. 9 (2012) 1612e1619.

[16] Y. Kaneko, F. Nimmerjahn, J. V Ravetch, Anti-inflammatory activity of
immunoglobulin G resulting from Fc sialylation, Science 313 (2006)
670e673.

[17] E.I. Park, S.M. Manzella, J.U. Baenziger, Rapid clearance of sialylated glyco-
proteins by the asialoglycoprotein receptor, J. Biol. Chem. 278 (2003)
4597e4602.

[18] E.I. Park, Y. Mi, C. Unverzagt, H.-J. Gabius, J.U. Baenziger, The asialoglyco-
protein receptor clears glycoconjugates terminating with sialic acid alpha
2,6GalNAc, Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 17125e17129.

[19] R. Goulabchand, T. Vincent, F. Batteux, J.-F. Eliaou, P. Guilpain, Impact of
autoantibody glycosylation in autoimmune diseases, Autoimmun. Rev. 13
(2014) 742e750.

[20] S. Iida, R. Kuni-Kamochi, K. Mori, H. Misaka, M. Inoue, A. Okazaki, et al., Two
mechanisms of the enhanced antibody-dependent cellular cytotoxicity
(ADCC) efficacy of non-fucosylated therapeutic antibodies in human blood,
BMC Cancer 9 (2009) 58.

[21] B. Gorovits, C. Krinos-Fiorotti, Proposed mechanism of off-target toxicity for
antibody-drug conjugates driven by mannose receptor uptake, Cancer
Immunol. Immunother. CII. 62 (2013) 217e223.

[22] M. Spearman, J. Rodriguez, N. Huzel, K. Sunley, M. Butler, Effect of culture
conditions on glycosylation of recombinant beta-interferon in CHO cells, in:
R. Smith (Ed.), Cell Technol. Cell Prod., Springer, Netherlands, 2007, pp.
71e85.

[23] G. Reuter, H.J. Gabius, Eukaryotic glycosylation: whim of nature or multi-
purpose tool? Cell. Mol. Life Sci. C 55 (1999) 368e422.

[24] G.B. Nyberg, R.R. Balcarcel, B.D. Follstad, G. Stephanopoulos, D.I. Wang,
Metabolic effects on recombinant interferon-gamma glycosylation in
continuous culture of Chinese hamster ovary cells, Biotechnol. Bioeng. 62
(1999) 336e347.

[25] T. Tharmalingam, C.-H. Wu, S. Callahan, C. T Goudar, A framework for real-
time glycosylation monitoring (RT-GM) in mammalian cell culture, Bio-
technol. Bioeng. 112 (2015) 1146e1154.

[26] I. Jimenez del Val, J.M. Nagy, C. Kontoravdi, A dynamic mathematical model
for monoclonal antibody N-linked glycosylation and nucleotide sugar donor
transport within a maturing Golgi apparatus, Biotechnol. Prog. 27 (2011)
1730e1743.

[27] A.G. McDonald, J.M. Hayes, T. Bezak, S.A. Głuchowska, E.F.J. Cosgrave,
W.B. Struwe, et al., Galactosyltransferase 4 is a major control point for glycan
branching in N-linked glycosylation, J. Cell Sci. 127 (2014) 5014e5026.

[28] N. Yamane-Ohnuki, S. Kinoshita, M. Inoue-Urakubo, M. Kusunoki, S. Iida,
R. Nakano, et al., Establishment of FUT8 knockout Chinese hamster ovary
cells: an ideal host cell line for producing completely defucosylated anti-
bodies with enhanced antibody-dependent cellular cytotoxicity, Biotechnol.
Bioeng. 87 (2004) 614e622.

[29] L. Meuris, F. Santens, G. Elson, N. Festjens, M. Boone, A. Dos Santos, et al.,
GlycoDelete engineering of mammalian cells simplifies N-glycosylation of
recombinant proteins, Nat. Biotechnol. 32 (2014) 485e489.

[30] S.R. Hamilton, R.C. Davidson, N. Sethuraman, J.H. Nett, Y. Jiang, S. Rios, et al.,
Humanization of yeast to produce complex terminally sialylated glycopro-
teins, Science 313 (2006) 1441e1443.

[31] M. Weise, M.-C. Bielsky, K. De Smet, F. Ehmann, N. Ekman, G. Narayanan, et
al., Biosimilarsdwhy terminology matters, Nat. Biotechnol. 29 (2011)
690e693.

[32] G. Walsh, Biopharmaceutical benchmarks 2014, Nat. Biotechnol. 32 (2014)
992e1000.

[33] EMA, European medicines agency workshop on biosimilar monoclonal an-
tibodies July 2, 2009, London, UK, MAbs 1 (2009) 394e416.

[34] W. Jeske, J.M. Walenga, D. Hoppensteadt, J. Fareed, Update on the safety and
bioequivalence of biosimilars - focus on enoxaparin, Drug Heal, Patient Saf. 5
(2013) 133e141.

[35] EMA, Guideline on similar biological medicinal products containing
biotechnology-derived proteins as active substance: non-clinical and clinical
issues Guideline on similar biological medicinal products containing
biotechnology-derived proteins as active subs 44 (2015) 1e13.

[36] EMA, Assessment report - Bemfola International non-proprietary name:
follitropin alfa 44 (2014) 1e76.

http://refhub.elsevier.com/S0003-2670(16)30399-3/sref1
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref1
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref1
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref2
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref2
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref2
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref3
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref3
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref3
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref4
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref4
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref5
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref5
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref5
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref6
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref6
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref6
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref6
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref6
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref7
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref7
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref7
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref7
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref7
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref8
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref8
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref8
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref8
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref9
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref9
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref9
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref9
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref9
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref10
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref10
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref10
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref10
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref10
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref11
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref11
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref11
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref12
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref12
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref12
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref13
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref13
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref13
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref13
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref14
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref14
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref14
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref14
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref15
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref15
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref15
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref15
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref15
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref16
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref16
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref16
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref16
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref17
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref17
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref17
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref17
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref18
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref18
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref18
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref18
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref19
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref19
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref19
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref19
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref20
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref20
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref20
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref20
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref21
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref21
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref21
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref21
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref22
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref22
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref22
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref22
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref22
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref23
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref23
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref23
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref24
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref24
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref24
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref24
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref24
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref25
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref25
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref25
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref25
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref26
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref26
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref26
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref26
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref26
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref27
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref27
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref27
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref27
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref28
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref28
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref28
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref28
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref28
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref28
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref29
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref29
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref29
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref29
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref30
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref30
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref30
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref30
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref31
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref31
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref31
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref31
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref31
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref32
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref32
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref32
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref33
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref33
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref33
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref34
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref34
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref34
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref34
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref35
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref35
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref35
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref35
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref35
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref36
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref36
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref36


A. Planinc et al. / Analytica Chimica Acta 921 (2016) 13e2726
[37] EMA, Guideline on similar biological medicinal products - draft 44 (2013)
2e7.

[38] H. Schellekens, Biosimilar therapeuticsdwhat do we need to consider? NDT
Plus 2 (2009) i27ei36.

[39] A.S. Rathore, A.J. Reason, A. Weiskopf, Defining critical quality attributes for
monoclonal antibody therapeutic products - process development Forum,
Biopharm. Int. 27 (2014).

[40] EMA, Guideline on Development, Production, Characterisation and Specifi-
cations for Monoclonal Antibodies and Related Products - Draft, 2009.

[41] E.A. Berg, T.A.E. Platts-Mills, S.P. Commins, Drug allergens and food-the
cetuximab and galactose-a-1,3-galactose story, Ann. Allergy Asthma
Immunol. 112 (2014) 97e101.

[42] S.K. Jung, K.H. Lee, J.W. Jeon, J.W. Lee, B.O. Kwon, Y.J. Kim, et al., Physico-
chemical characterization of Remsima, MAbs 6 (2014) 1163e1177.

[43] S.M. Buha, A. Panchal, H. Panchal, R. Chambhare, P.R. Patel, S. Kumar, et al.,
HPLC-FLD for the simultaneous determination of primary and Secondary
amino acids from complex biological sample by pre-column derivatization,
J. Chromatogr. Sci. 49 (2011) 118e123.

[44] E.C. Huang, J.D. Henion, LC/MS and LC/MS/MS Determination of protein
tryptic digests, J. Am. Soc. Mass Spectrom. 1 (1990) 158e165.

[45] L. Fornelli, D. Ayoub, K. Aizikov, A. Beck, Y.O. Tsybin, Middle-down analysis of
monoclonal antibodies with electron transfer dissociation orbitrap fourier
transform mass spectrometry, Anal. Chem. 86 (2014) 3005e3012.

[46] D. Farnan, G.T. Moreno, Multiproduct high-resolution monoclonal antibody
charge variant separations by pH gradient ion-exchange chromatography,
Anal. Chem. 81 (2009) 8846e8857.

[47] L.A. Khawli, S. Goswami, R. Hutchinson, Z.W. Kwong, J. Yang, X. Wang, et al.,
Charge variants in IgG1, MAbs 2 (2010) 613e624.

[48] H. Zhang, W. Cui, M.L. Gross, Mass spectrometry for the biophysical char-
acterization of therapeutic monoclonal antibodies, FEBS Lett. 588 (2014)
308e317.

[49] P. Hong, S. Koza, E.S.P. Bouvier, Size-exclusion chromatography for the
analysis of protein biotherapeutics and their aggregates, J. Liq. Chromatogr.
Relat. Technol. 35 (2012) 2923e2950.

[50] S. Fekete, D. Guillarme, P. Sandra, K. Sandra, Chromatographic, electropho-
retic and mass spectrometric methods for the analytical characterization of
protein biopharmaceuticals, Anal. Chem. 88 (2015) 480e507.

[51] D. Reusch, M. Haberger, B. Maier, M. Maier, R. Kloseck, B. Zimmermann, et al.,
Comparison of methods for the analysis of therapeutic immunoglobulin G
Fc-glycosylation profilesepart 1: separation-based methods, MAbs 7 (2015)
167e179.

[52] K. Sandra, I. Vandenheede, P. Sandra, Modern chromatographic and mass
spectrometric techniques for protein biopharmaceutical characterization,
J. Chromatogr. A 1335 (2014) 81e103.

[53] S.A. Berkowitz, J.R. Engen, J.R. Mazzeo, G.B. Jones, Analytical tools for char-
acterizing biopharmaceuticals and the implications for biosimilars, Nat. Rev.
Drug Discov. 11 (2012) 527e540.

[54] P.N. Spahn, N.E. Lewis, Systems glycobiology for glycoengineering, Curr.
Opin. Biotechnol. 30 (2014) 218e224.

[55] T.R. Dipak Thakur, Profiling the glycoforms of the intact a subunit of re-
combinant human chorionic Gonadotropin by high-resolution capillary
Electrophoresis�Mass spectrometry, Anal. Chem. 81 (2009) 8900e8907.

[56] R. Haselberg, G.J. de Jong, G.W. Somsen, CE-MS for the analysis of intact
proteins 2010-2012, Electrophoresis 34 (2013) 99e112.

[57] E. Balaguer, C. Neusüss, Glycoprotein characterization combining intact
protein and glycan analysis by capillary electrophoresis-electrospray ioni-
zation-mass spectrometry, Anal. Chem. 78 (2006) 5384e5393.

[58] S. Ongay, A. Puerta, J.C. Díez-Masa, J. Bergquist, M. de Frutos, CIEF and
MALDI-TOF-MS methods for analyzing forms of the glycoprotein VEGF165,
Electrophoresis 30 (2009) 1198e1205.

[59] M.A. Lauber, Y.-Q. Yu, D.W. Brousmiche, Z. Hua, S.M. Koza, P. Magnelli, et al.,
Rapid preparation of released N-Glycans for HILIC analysis using a labeling
reagent that facilitates sensitive fluorescence and ESI-MS detection, Anal.
Chem. 87 (2015) 5401e5409.

[60] V. Tretter, F. Altmann, L. M€arz, Peptide-N4-(N-acetyl-beta-glucosaminyl)
asparagine amidase F cannot release glycans with fucose attached alpha 1e–
3 to the asparagine-linked N-acetylglucosamine residue, Eur. J. Biochem. 199
(1991) 647e652.

[61] W. Morelle, J.-C. Michalski, Analysis of protein glycosylation by mass spec-
trometry, Nat. Protoc. 2 (2007) 1585e1602.

[62] T. Tharmalingam, B. Adamczyk, M.A. Doherty, L. Royle, P.M. Rudd, Strategies
for the profiling, characterisation and detailed structural analysis of N-linked
oligosaccharides, Glycoconj. J. 30 (2013) 137e146.

[63] K. Mari~no, J. Bones, J.J. Kattla, P.M. Rudd, A systematic approach to protein
glycosylation analysis: a path through the maze, Nat. Chem. Biol. 6 (2010)
713e723.

[64] C. Kannicht, D. Grunow, L. Lucka, Enzymatic sequence analysis of N-glycans
by exoglycosidase cleavage and mass spectrometryedetection of Lewis X
structures, Methods Mol. Biol. 446 (2008) 255e266.

[65] K.B. Chandler, P. Pompach, R. Goldman, N. Edwards, Exploring site-specific
N-Glycosylation Microheterogeneity of haptoglobin using glycopeptide CID
tandem mass spectra and glycan database search, J. Proteome Res. 12 (2013)
3652e3666.
[66] D. Wang, M. Hincapie, T. Rejtar, B.L. Karger, Ultrasensitive characterization of

site-specific glycosylation of affinity-purified haptoglobin from lung cancer
patient plasma using 10 mm i.d. porous layer open tubular liquid
chromatography-linear ion trap collision-induced dissociation/electron
transf, Anal. Chem. 83 (2011) 2029e2037.

[67] H. Peltoniemi, S. Joenv€a€ar€a, R. Renkonen, De novo glycan structure search
with the CID MS/MS spectra of native N-glycopeptides, Glycobiology 19
(2009) 707e714.

[68] K. Cheng, R. Chen, D. Seebun, M. Ye, D. Figeys, H. Zou, Large-scale charac-
terization of intact N-glycopeptides using an automated glycoproteomic
method, J. Proteom. 110 (2014) 145e154.

[69] I.I. Storage, Y. Stabilit, R.F.N. Kit, Waters - GlycoWorks Rapi Fluor-MS N
-Glycan Kit [ CARE AND USE MANUAL ], (n.d.) 1e12.

[70] Y. Mechref, Use of CID/ETD mass spectrometry to analyze glycopeptides,
Curr. Protoc. Protein Sci. 0 12 (2012). Unite12.1111.

[71] J.P. Williams, S. Pringle, K. Richardson, L. Gethings, J.P.C. Vissers, M. De Cecco,
et al., Characterisation of glycoproteins using a quadrupole time-of-flight
mass spectrometer configured for electron transfer dissociation, Rapid
Commun. Mass Spectrom. 27 (2013) 2383e2390.

[72] Z. Zhu, E.P. Go, H. Desaire, Absolute quantitation of glycosylation site occu-
pancy using Isotopically labeled standards and LC-MS, J. Am. Soc. Mass
Spectrom. 25 (2014) 1012e1017.

[73] Z. Liu, J. Cao, Y. He, L. Qiao, C. Xu, H. Lu, et al., Tandem 18O stable isotope
labeling for quantification of N-glycoproteome, J. Proteome Res. 9 (2010)
227e236.

[74] W. Zhang, W. Cao, J. Huang, H. Wang, J. Wang, C. Xie, et al., PNGase F-
mediated incorporation of (18)O into glycans for relative glycan quantita-
tion, Analyst 140 (2015) 1082e1089.

[75] Z. Zhang, N.M. Khan, K.M. Nunez, E.K. Chess, C.M. Szabo, Complete mono-
saccharide analysis by high-performance anion-exchange chromatography
with pulsed amperometric detection, Anal. Chem. 84 (2012) 4104e4110.

[76] T. Soga, D.N. Heiger, Simultaneous determination of monosaccharides in
glycoproteins by capillary electrophoresis, Anal. Biochem. 261 (1998) 73e78.

[77] T.R. Cataldi, C. Campa, G.E. De Benedetto, Carbohydrate analysis by high-
performance anion-exchange chromatography with pulsed amperometric
detection: the potential is still growing, Fresenius J. Anal. Chem. 368 (2000)
739e758.

[78] P. Jandik, J. Cheng, N. Avdalovic, Analysis of amino acid-carbohydrate mix-
tures by anion exchange chromatography and integrated pulsed ampero-
metric detection, J. Biochem. Biophys. Methods 60 (2004) 191e203.

[79] A.-L. Marie, C. Przybylski, F. Gonnet, R. Daniel, R. Urbain, G. Chevreux, et al.,
Capillary zone electrophoresis and capillary electrophoresis-mass spec-
trometry for analyzing qualitative and quantitative variations in therapeutic
albumin, Anal. Chim. Acta 800 (2013) 103e110.

[80] R. Gahoual, J.-M. Busnel, A. Beck, Y.-N. François, E. Leize-Wagner, Full anti-
body primary structure and microvariant characterization in a single injec-
tion using transient isotachophoresis and sheathless capillary
electrophoresis-tandem mass spectrometry, Anal. Chem. 86 (2014)
9074e9081.

[81] S. Mittermayr, J. Bones, A. Guttman, Unraveling the glyco-puzzle: glycan
structure identification by capillary electrophoresis, Anal. Chem. 85 (2013)
4228e4238.

[82] M. Gohlke, V. Blanchard, Separation of N-glycans by HPLC, Methods Mol.
Biol. 446 (2008) 239e254.

[83] M. Melmer, T. Stangler, A. Premstaller, W. Lindner, Comparison of
hydrophilic-interaction, reversed-phase and porous graphitic carbon chro-
matography for glycan analysis, J. Chromatogr. A 1218 (2011) 118e123.

[84] G. Zauner, A.M. Deelder, M. Wuhrer, Recent advances in hydrophilic inter-
action liquid chromatography (HILIC) for structural glycomics, Electropho-
resis 32 (2011) 3456e3466.

[85] Y. Guo, Q. Yuan, R. Li, Y. Huang, Hydrophilic interaction chromatography and
its recent applications in environmental analysis, Se Pu 30 (2012) 232e238.

[86] Y. Westphal, H.A. Schols, A.G.J. Voragen, H. Gruppen, Introducing porous
graphitized carbon liquid chromatography with evaporative light scattering
and mass spectrometry detection into cell wall oligosaccharide analysis,
J. Chromatogr. A 1217 (2010) 689e695.

[87] F. Higel, U. Demelbauer, A. Seidl, W. Friess, F. Sorgel, Reversed-phase liquid-
chromatographic mass spectrometric N-glycan analysis of bio-
pharmaceuticals, Anal. Bioanal. Chem. 405 (2013) 2481e2493.

[88] J. Bones, S. Mittermayr, N. McLoughlin, M. Hilliard, K. Wynne, G.R. Johnson, et
al., Identification of N-glycans displaying mannose-6-phosphate and their
site of attachment on therapeutic enzymes for lysosomal storage disorder
treatment, Anal. Chem. 83 (2011) 5344e5352.

[89] S. Hua, H.J. An, S. Ozcan, G.S. Ro, S. Soares, R. DeVere-White, et al.,
Comprehensive native glycan profiling with isomer separation and quanti-
tation for the discovery of Cancer biomarkers, Analyst 136 (2011)
3663e3671.

[90] M.A. Bynum, H. Yin, K. Felts, Y.M. Lee, C.R. Monell, K. Killeen, Characterization
of IgG N-glycans employing a microfluidic chip that integrates glycan
cleavage, sample purification, LC separation, and MS detection, Anal. Chem.
81 (2009) 8818e8825.

http://refhub.elsevier.com/S0003-2670(16)30399-3/sref37
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref37
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref37
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref38
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref38
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref38
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref38
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref39
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref39
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref39
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref40
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref40
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref41
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref41
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref41
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref41
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref42
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref42
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref42
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref43
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref43
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref43
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref43
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref43
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref44
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref44
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref44
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref45
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref45
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref45
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref45
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref46
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref46
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref46
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref46
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref47
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref47
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref47
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref48
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref48
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref48
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref48
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref49
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref49
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref49
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref49
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref50
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref50
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref50
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref50
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref51
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref51
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref51
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref51
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref51
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref51
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref52
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref52
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref52
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref52
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref53
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref53
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref53
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref53
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref54
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref54
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref54
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref55
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref55
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref55
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref55
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref55
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref56
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref56
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref56
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref57
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref57
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref57
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref57
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref58
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref58
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref58
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref58
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref59
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref59
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref59
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref59
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref59
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref60
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref60
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref60
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref60
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref60
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref60
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref60
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref61
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref61
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref61
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref62
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref62
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref62
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref62
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref63
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref63
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref63
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref63
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref63
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref64
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref64
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref64
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref64
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref64
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref65
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref65
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref65
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref65
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref65
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref66
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref66
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref66
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref66
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref66
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref66
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref67
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref67
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref67
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref67
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref67
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref67
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref68
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref68
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref68
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref68
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref70
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref70
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref70
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref71
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref71
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref71
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref71
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref71
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref72
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref72
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref72
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref72
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref73
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref73
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref73
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref73
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref74
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref74
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref74
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref74
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref75
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref75
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref75
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref75
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref76
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref76
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref76
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref77
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref77
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref77
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref77
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref77
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref78
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref78
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref78
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref78
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref79
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref79
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref79
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref79
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref79
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref80
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref80
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref80
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref80
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref80
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref80
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref81
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref81
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref81
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref81
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref82
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref82
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref82
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref83
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref83
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref83
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref83
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref84
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref84
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref84
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref84
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref85
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref85
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref85
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref86
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref86
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref86
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref86
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref86
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref87
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref87
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref87
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref87
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref88
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref88
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref88
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref88
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref88
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref89
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref89
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref89
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref89
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref89
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref90
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref90
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref90
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref90
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref90


A. Planinc et al. / Analytica Chimica Acta 921 (2016) 13e27 27
[91] G.-C. Gil, B. Iliff, R. Cerny, W.H. Velander, K.E. Van Cott, High throughput
quantification of N-glycans using one-pot sialic acid modification and matrix
assisted laser desorption ionization time-of-flight mass spectrometry, Anal.
Chem. 82 (2010) 6613e6620.

[92] D.J. Harvey, Derivatization of carbohydrates for analysis by chromatography;
electrophoresis and mass spectrometry, J. Chromatogr. B 879 (2011)
1196e1225.

[93] Y. Hu, Y. Mechref, Comparing MALDI-MS, RP-LC-MALDI-MS and RP-LC-ESI-
MS glycomic profiles of permethylated N-glycans derived from model gly-
coproteins and human blood serum, Electrophoresis 33 (2012) 1768e1777.

[94] S. Klapoetke, J. Zhang, S. Becht, X. Gu, X. Ding, The evaluation of a novel
approach for the profiling and identification of N-linked glycan with a pro-
cainamide tag by HPLC with fluorescent and mass spectrometric detection,
J. Pharm. Biomed. Anal. 53 (2010) 315e324.

[95] H. St€ockmann, R.M. Duke, S. Mill�an Martín, P.M. Rudd, Ultrahigh throughput,
Ultrafiltration-based N-Glycomics platform for Ultraperformance liquid
chromatography (ULTRA(3)), Anal. Chem. 87 (2015) 8316e8322.

[96] C. Huhn, L.R. Ruhaak, J. Mannhardt, M. Wuhrer, C. Neusüß, A.M. Deelder, et
al., Alignment of laser-induced fluorescence and mass spectrometric detec-
tion traces using electrophoretic mobility scaling in CE-LIF-MS of labeled N-
glycans, Electrophoresis 33 (2012) 563e566.

[97] L.R. Ruhaak, G. Zauner, C. Huhn, C. Bruggink, A.M. Deelder, M. Wuhrer,
Glycan labeling strategies and their use in identification and quantification,
Anal. Bioanal. Chem. 397 (2010) 3457e3481.

[98] J.L. Desantos-Garcia, S.I. Khalil, A. Hussein, Y. Hu, Y. Mechref, Enhanced
sensitivity of LC-MS analysis of permethylated N-glycans through online
purification, Electrophoresis 32 (2011) 3516e3525.

[99] V. Dotz, R. Haselberg, A. Shubhakar, R.P. Kozak, D. Falck, Y. Rombouts, et al.,
Mass spectrometry for glycosylation analysis of biopharmaceuticals, TrAC
Trends Anal. Chem. 73 (2015) 1e9.

[100] N. Leymarie, J. Zaia, Effective use of mass spectrometry for glycan and
glycopeptide structural analysis, Anal. Chem. 84 (2012) 3040e3048.

[101] W.R. Alley, B.F. Mann, M. V Novotny, High-sensitivity analytical approaches
for the structural characterization of glycoproteins, Chem. Rev. 113 (2013)
2668e2732.

[102] S. Mill�an Martín, C. Delporte, A. Farrell, N. Navas Iglesias, N. McLoughlin,
J. Bones, Comparative analysis of monoclonal antibody N-glycosylation using
stable isotope labelling and UPLC-fluorescence-MS, Analyst 140 (2015)
1442e1447.

[103] Y.L. Ma, I. Vedernikova, H. den Heuvel, M. Claeys, Internal glucose residue
loss in protonated O-diglycosyl flavonoids upon low-energy collision-
induced dissociation, J. Am. Soc. Mass Spectrom. 11 (2000) 136e144.

[104] M. Wuhrer, C.A.M. Koeleman, C.H. Hokke, A.M. Deelder, Mass spectrometry
of proton adducts of fucosylated N-glycans: fucose transfer between
antennae gives rise to misleading fragments, Rapid Commun. Mass Spec-
trom. 20 (2006) 1747e1754.

[105] F. Tousi, J. Bones, W.S. Hancock, M. Hincapie, Differential chemical deriva-
tization integrated with chromatographic separation for analysis of isomeric
sialylated N-glycans: a nano-hydrophilic interaction liquid chromatography-
MS platform, Anal. Chem. 85 (2013) 8421e8428.

[106] A. V Everest-Dass, J.L. Abrahams, D. Kolarich, N.H. Packer, M.P. Campbell,
Structural feature ions for distinguishing N- and O-Linked glycan isomers by
LC-ESI-IT MS/MS, J. Am. Soc. Mass Spectrom. 24 (2013) 895e906.

[107] Y. Yamaguchi, W. Nishima, S. Re, Y. Sugita, Confident identification of
isomeric N-glycan structures by combined ion mobility mass spectrometry
and hydrophilic interaction liquid chromatography, Rapid Commun. Mass
Spectrom. 26 (2012) 2877e2884.

[108] D.J. Harvey, F. Sobott, M. Crispin, A. Wrobel, C. Bonomelli, S. Vasiljevic, et al.,
Ion mobility mass spectrometry for extracting spectra of N-glycans directly
from incubation mixtures following glycan release: application to glycans
from engineered glycoforms of intact, folded HIV gp120, J. Am. Soc. Mass
Spectrom. 22 (2011) 568e581.

[109] M.P. Campbell, R. Ranzinger, T. Lütteke, J. Mariethoz, C.A. Hayes, J. Zhang, et
al., Toolboxes for a standardised and systematic study of glycans, BMC Bio-
inform. 15 (2014) S9.

[110] M.P. Campbell, N.H. Packer, UniCarbKB: new database features for inte-
grating glycan structure abundance, compositional glycoproteomics data,
and disease associations, Biochim. Biophys. Acta (2016), http://dx.doi.org/
10.1016/j.bbagen.2016.02.016.

[111] M.P. Campbell, L. Royle, P.M. Rudd, GlycoBase and autoGU: Resources for
interpreting HPLC- glycan data, Glycoinformatics (2015) 17e28.

[112] A. Ceroni, K. Maass, H. Geyer, R. Geyer, A. Dell, S.M. Haslam, Glyco-
Workbench: a tool for the computer-assisted annotation of mass spectra of
glycans, J. Proteome Res. 7 (2008) 1650e1659.

[113] S. Rosati, E.T.J. van den Bremer, J. Schuurman, P.W.H.I. Parren, J.P. Kamerling,
A.J.R. Heck, In-depth qualitative and quantitative analysis of composite
glycosylation profiles and other micro-heterogeneity on intact monoclonal
antibodies by high-resolution native mass spectrometry using a modified
{Orbitrap}, MAbs 5 (2013) 917e924.

[114] P. V Bondarenko, T.P. Second, V. Zabrouskov, A.A. Makarov, Z. Zhang, Mass
Measurement and Top-down HPLC/MS analysis of intact monoclonal anti-
bodies on a hybrid linear quadrupole ion trapeorbitrap mass spectrometer,
J. Am. Soc. Mass Spectrom. 20 (2009) 1415e1424.
[115] C.-T. Yuen, C.K. Gee, C. Jones, High-performance liquid chromatographic
profiling of fluorescent labelled N-glycans on glycoproteins, Biomed. Chro-
matogr. BMC 16 (2002) 247e254.

[116] B.L. Parker, M. Thaysen-Andersen, N. Solis, N.E. Scott, M.R. Larsen,
M.E. Graham, et al., Site-specific glycan-peptide analysis for determination of
N-Glycoproteome heterogeneity, J. Proteome Res. 12 (2013) 5791e5800.

[117] A.M.A. Lauber, S.M. Koza, Measuring the Glycan Occupancy of Intact mAbs
using HILIC and Detection by Intrinsic Fluorescence, 2015.
Ana Planinc is a PhD student at the Faculty of Pharmacy of
ULB (Universit�e libre de Bruxelles) in Belgium since October
2013. Before she studied pharmacy at University of Ljubl-
jana (Slovenia) finishing earlier in 2013. Research has al-
ways been a challenge and a goal. Ana currently works on
new analytical and data processing methods for the char-
acterization of glycobiology of therapeutic proteins.
Dr Jonathan Bones holds a PhD in analytical chemistry from
Dublin City University, awarded in 2007 under the mentor-
ship of Prof. Brett Paull. Jonathan undertook postdoctoral
research within the Centre for Bioanalytical Science at
Dublin City University with Prof. Paull and later joined Prof.
Pauline M. Rudd's glycoscience laboratory at NIBRT e The
National Institute for Bioprocessing Research and Training,
in Dublin. In 2010, Jonathan was appointed as the John
Hatsopoulos Research Scholar at the Barnett Institute of
Chemical and Biological Analysis at Northeastern University
in Boston, working under the mentorship of Prof. Barry L.
Karger. Jonathan returned to NIBRT in 2012 following receipt
of funding from Science Foundation Ireland and is now PI of
the NIBRT Characterization and Comparability Laboratory.
Dr Bieke Dejaegher got her Master of Pharmacy in 2003
from the Vrij University van Brussel (VUB), she obtained the
degree of PhD in Pharmaceutical Sciences in 2007 with the
title: « New aspects in robustness testing ». Specialized in
experimental design, chemometrics, data processing, she
joined the Universit�e libre de Bruxelles in 2013 where she
actively contributed to the experimental design and data
treatment of analytical methods applied to plant extract
and biopharmaceutics.
Prof Pierre Van Antwerpen got his Master of Pharmacy in
2000 from the Universit�e libre de Bruxelles (ULB). After a
PhD thesis in the field of medicinal chemistry, he attended a
post-doctoral training period in the Unit of functional and
structural glycobiology of Prof. J.-C. Michalski (Lille 2,
France). Assistant-Professor at the Faculty of Pharmacy
(ULB, 2008), he developed the analytical platform of the
Faculty by acquiring high and low resolution mass spec-
trometers. More recently, he decided to explore the field
of glycosylation characterization by mass spectrometry
with the help of a PhD student (Ana Planinc) and a postdoc-
toral fellow (Dr C�edric Delporte).
Dr C�edric Delporte got his Master of Pharmacy in 2008
from Universit�e libre de Bruxelles (ULB). Then, he started a
PhD thesis at the Faculty of Pharmacy of ULB where he
studied the oxidative posttranslational modifications of
proteins using mass spectrometry. In 2012, Cedric finalized
his thesis and started a first postdoctoral period at NIBRT
(Dublin, Ireland) where he specialized in the characteriza-
tion of the glycobiology of glycoproteins. In July 2013, he
moved back to Brussels and joined the Analytical Platform
of ULB. He develops analytical methods based on LC-MS for
several projects including the characterization of therapeu-
tic proteins.

http://refhub.elsevier.com/S0003-2670(16)30399-3/sref91
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref91
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref91
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref91
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref91
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref92
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref92
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref92
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref92
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref93
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref93
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref93
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref93
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref94
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref94
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref94
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref94
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref94
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref95
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref95
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref95
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref95
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref95
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref95
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref96
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref96
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref96
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref96
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref96
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref96
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref97
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref97
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref97
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref97
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref98
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref98
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref98
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref98
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref99
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref99
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref99
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref99
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref100
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref100
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref100
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref101
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref101
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref101
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref101
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref102
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref102
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref102
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref102
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref102
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref102
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref103
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref103
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref103
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref103
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref104
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref104
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref104
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref104
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref104
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref105
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref105
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref105
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref105
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref105
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref106
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref106
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref106
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref106
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref107
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref107
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref107
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref107
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref107
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref108
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref108
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref108
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref108
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref108
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref108
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref109
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref109
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref109
http://dx.doi.org/10.1016/j.bbagen.2016.02.016
http://dx.doi.org/10.1016/j.bbagen.2016.02.016
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref111
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref111
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref111
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref112
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref112
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref112
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref112
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref113
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref113
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref113
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref113
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref113
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref113
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref114
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref114
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref114
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref114
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref114
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref114
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref115
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref115
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref115
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref115
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref116
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref116
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref116
http://refhub.elsevier.com/S0003-2670(16)30399-3/sref116

	Glycan characterization of biopharmaceuticals: Updates and perspectives
	1. Introduction: importance of the glycan characterization of biopharmaceuticals
	2. Analytical methods for glycoproteins characterization
	2.1. Characterization of glycosylation
	2.1.1. Direct analysis of glycoforms
	2.1.2. Glycan mapping
	2.1.3. Determination of N-glycan macro- and micro-heterogeneity
	2.1.4. Analysis of monosaccharide content

	2.2. Description of techniques used in the analysis of glycans
	2.2.1. Glycan separation techniques
	2.2.2. Glycan detection techniques
	2.2.2.1. Derivatization/labeling and detection of glycans.
	2.2.2.2. Fluorescence detection
	2.2.2.3. MS detection
	2.2.2.4. Detection of isomeric forms and linkage analysis.


	2.3. Bioinformatics tools in analytics

	3. Perspectives and concluding remarks
	Author contributions
	References


