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Abstract Many post-translational modifications, including
glycosylation, are pivotal for the structural integrity, loca-
tion and functional activity of glycoproteins. Sub-
populations of proteins that are relocated or functionally
changed by such modifications can change resting proteins
into active ones, mediating specific effector functions, as in
the case of monoclonal antibodies. To ensure safe and
efficacious drugs it is essential to employ appropriate robust,
quantitative analytical strategies that can (i) perform detailed
glycan structural analysis, (ii) characterise specific subsets
of glycans to assess known critical features of therapeutic
activities (iii) rapidly profile glycan pools for at-line moni-
toring or high level batch to batch screening. Here we focus
on these aspects of glycan analysis, showing how state-of-
the-art technologies are required at all stages during the
production of recombinant glycotherapeutics. These data
can provide insights into processing pathways and suggest
markers for intervention at critical control points in biopro-
cessing and also critical decision points in disease and drug
monitoring in patients. Importantly, these tools are now
enabling the first glycome/genome studies in large popula-
tions, allowing the integration of glycomics into other
‘omics platforms in a systems biology context.
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Introduction

Amongst the 400 known post-translational modifications
glycosylation is arguably the most abundant and complex.
The biosynthetic pathways for glycan processing, although
dependent on gene products, are non-template driven and
reflect the many and varied parameters, which precede the
generation of fully modified glycoproteins. Moreover both
cell surface and secreted glycoproteins consist of many sub-
populations known as glycoforms that can provide a non-
template driven response to a local environment, enabling
the relocation of subpopulations of cells or secreted proteins
and alterations in their functional activities.

By the same token, sub-populations of therapeutic pro-
teins can also be directed to different locations in the patient,
for example non-sialylated Erythropoietin (EPO) is bound
to the asialo glycoprotein receptor as it passes through the
liver, where it is rapidly (3 min) cleared. In contrast, the
population of EPO that is fully sialylated remains in the
patient for 3 h. It survives its passage through the liver and
reaches the kidneys where it can bind to the EPO receptor
and initiate the up regulation of erythrocyte production [1].

The proper control of glycosylation and appropriate anal-
ysis at various stages of production is therefore essential for
the safety and efficacy of drugs including the delivery of
biologically active molecules to the patient. Eliminating
non-active drug compounds from the formulation can have
a significant impact on costs and more importantly, on the
wellbeing of patients. Intervals between drug administra-
tions can be increased and the likelihood of drug resistance
through immunological intolerance can be decreased if the
patient receives lower levels of protein.

There are three basic levels of glycan analysis. Each pro-
vides a particular level of high quality information using
robust, repeatable technologies. Each level delivers specific
information, some contain more detail than others, but all of
the data are high quality and the detail that they provide is
designed to answer particular questions. The art is to know
which level to select for answering any particular question [2].

Glycoprofiling (fingerprinting, patterning), oligosaccha-
ride characterisation and glycan analysis are often used
interchangeably. Although they are inter-related, each strat-
egy provides different kinds of information; therefore in the
interests of clarity, it is important that a definition of each
term is adopted.

Glycoprofiling involves the one dimensional separation
of a glycan pool by a single technique to provide a signature
that gives a simple overview or snapshot of a glycan pool
and from which preliminary (unconfirmed) information may
be surmised. Appropriate technologies that provide different
one-dimensional windows on this world include Nuclear
Magnetic Resonance (NMR) (structural determination),
High Performance Liquid Chromatography (HPLC)
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(separation by physical parameters such as lipophilicity or
charge), Capillary Electrophoresis (CE) (separation of la-
beled glycans by mass:charge ratio), lectin chips (separation
by binding properties), and Mass Spectrometry (MS) (sep-
aration by mass). The higher the resolution of the technol-
ogy the more useful it will be for revealing differences
between the profiles that are generated.

Glycan characterisation uses the same technologies to
separate glycan pools into different groups or types of glycans.
Based on previous experience, the pools can be labeled and
data can be interpreted further (though still not unambiguous-
ly). Examples include MS separations of di, mono- and non-
galactosylated IgG glycans or the weak anion exchange
(WAX) separations that separate glycans into neutral, mono-,
di-, tri- and tetra sialylated pools. Used after full structural
analysis, this approach is a convenient way to highlight de-
fined critical features and can provide relative quantitation of
the different glycan pools, depending on the efficiency of the
separation and the performance of the technique.

Detailed (full) structural analysis requires extensive
determinations of monosaccharide sequence, anomericity
and linkage of the majority of the glycans in the pool. In
common with good practice in any analytical enterprise, 2-
3- and even 5-D orthogonal technologies are required, first to
assign preliminary structures and then to confirm the assign-
ments. Full structural analysis also includes absolute or rela-
tive quantitation of assigned structures. For example, a WAX
separation of EPO glycans into pools of differently charged
glycans (1-D) is complemented by HILIC separation of each
pool (2-D). The digestion of aliquots of the pool by exogly-
cosidase arrays (3-D) is then used to determine the sequence,
anomericity and linkage of different glycans together with
their relative quantitation [1]. Mass spectrometry follows to
confirm that assigned structures have compositions that are
consistent with composition data (4-D) and any structural
ambiguities that remain can be resolved by ESI MS and ion
fragmentation (5-D). Once the full analysis has been complet-
ed, quantitative data can best be obtained from HILIC analysis
of fluorescently labeled glycans by inputting detailed struc-
tural information from the other techniques as necessary to
resolve ambiguities. Full structural analysis also provides the
information needed to design strategies to quantify a particular
critical quality attribute (CQA), such as the level of core
fucose in antibodies designed to initiate antigen dependent
cell cytotoxicity (ADCC), the levels of antigenic «-gal resi-
dues or sialyl lewis x epitopes that may be a useful marker to
follow inflammation and metastasis.

Enabling technologies

These exacting analytical requirements together with the com-
plementary need for the rapid inexpensive analysis of
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biotherapeutics and samples of many thousands of patients in
genomic glycomics/studies or in clinical situations have driv-
en the recent dramatic improvements in instrumentation and
more economical high throughput (hands-off technologies).
Combined with this, increased resolution, miniaturisation and
speed are steadily bringing down the costs of glycan profiling,
characterisation and detailed analysis. At the same time the
generation of data bases and dedicated software have made the
interpretation of data from HILIC and other LC separations,
CE, and MS more accessible to the less experienced glyco-
scientist and an invaluable aid to everyone.

To be useful, technologies must be robust, reproducible,
have high resolution, produce minimal artefacts, have high
signal to noise ratios, be scalable, accurate, precise and
based on separation parameters that are linked to structure
(predictable). Glycobase, (http://glycobase.nibrt.ie/
glycobase/show_nibrt.action) being developed in the
NIBRT Dublin-Oxford group is an experimental database
in which oligosaccharides have unique glycan identifiers
that can be linked to other identifiers (such as different
symbolic notations) and to many separation parameters
(such HILIC, CE, MS, RP and so on). Standard deviations
are included where this is appropriate [3, 4].

HPLC and UPLC

Considerations in glycosylation analysis include the time
required for sample preparation, data collection and inter-
pretation of results. There is sometimes a trade-off between
resolution and speed. Usually, in a research project data
quality takes precedence because few samples are being
run and the time taken to interpret the data is a far more
significant rate determining step than the separation time.
On the other hand, when monitoring the effects of hundreds
of media additives or incubation conditions for process
analytical technology (PAT), or profiling of thousands of
serum glycomes in a genome wide association study
(GWAS) speed and miniaturization to reduce time and costs
become more and more important.

Classically, HPLC technologies require long run times
(3 h) to achieve high resolution of all released oligosacchar-
ides (both N- and O-) in one profile. A more rapid alternative
to HPLC is ultra-performance liquid chromatography
(UPLC), which exploits smaller particle size chromatographic
packing material and can withstand high pressures, providing
greater resolution capability and significantly reduced separa-
tion times (30 min or less) [5, 6]. UPLC is fast becoming the
separation method of choice because it provides faster and
more efficient separations than the HILIC amide columns and
is cheaper because everything is miniaturized. This therefore
results in faster detection of problems in production and
decreased analytical costs in the both the biopharmaceutical
industry [6] and in monitoring diseases [7].

The resolution and retention of glycans is based on the
affinity of the glycans for the matrix used for separation.
After PNGaseF release and labeling (e.g. 2AB) glycan pools
can be separated by HILIC, WAX, or reversed phase (RP)
chromatography. Among these techniques HILIC separation
is the technique most commonly used because it is straight-
forward, relatively cheap and very robust. This technique
enables rapid, quantitative, comparative glycan profiling
and characterisation across multiple runs and systems. In
combination with a dextran hydrolysate ladder to normalize
data to glucose units [8, 9]. HILIC is also an invaluable way
to approach detailed structural analysis. HILIC separation
by HPLC is based on an amide based stationary phase where
the polar functional groups interact with the hydroxyl
groups of the sugars and by UPLC is based on BEH (Eth-
ylene Bridged Hybrid) stationary phase.

In recent years, instrument and reagent manufacturers
have become more cognisant of the emerging market for
all types of glycan analysis. This has allowed the field to
move forward exponentially. In the past, glycoanalysts used
instruments and reagents, such as the TSK amide HPLC
column phases, that were originally designed for protein
separations but were adapted by glycospecialists for oligo-
saccharide analysis. A breakthrough came in 2010 with the
introduction of BEH columns specifically designed by
Waters to exploit the differences in the hydrophilicity of
different oligosaccharides [10] and the result is that we can
now separate to baseline 24 peaks in the IgG glycan pool
[11] compared with 16 on the Amide 80 columns and 3 on
the P4 gel filtration medium used previously. An example of
the peak resolution is shown in Fig. 1, where the separation
of human IgG samples and the glycans associated with the
major peaks are shown. The top profile shows the incom-
plete resolution of structures, where many glycans co-elute.
With the introduction of the BEH glycan column, the gly-
cans are resolved into individual peaks.

Recent studies have utilized the UPLC based technology
for the N-glycan analysis of erythropoietin [13] and to
identify cancer associated alterations in the serum of
patients [10, 14]. Further developments have included a
multiplexed labeling strategy to dramatically increase the
sample throughput and provide a more rapid glycomic pro-
filing method [15]. WAX and RP chromatography are very
convenient for glycan characterisation: WAX separates gly-
cans into pools depending on their charge and RP separates
different classes of glycans such as oligomannose, bisected
structures and fucosylated structures from each other [16].

CE-LIF
Capillary electrophoresis with laser induced fluorescence

(CE-LIF) is another powerful technique suitable for the pro-
filing of oligosaccharides labeled with APTS (8-aminopyrene-
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Fig. 1 The separation of

human IgG N-glycans by HPLC

(a) and UPLC (b). All 36 a

reported structures were

identified; however, selected
structures are annotated for the
purposes of illustration [12]
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1,3,6-Trisulfonate). The high resolution separation is driven
by an electric field mediated migration and is therefore based
on charge to hydrodynamic volume ratio. Methods for im-
proved sample preparation for CE-LIF is currently being
developed [17-19]. Multicapillary formats such as those de-
veloped by Ruhaak and colleagues enable high throughput
profiling of glycosylation changes [20]. The main problem—
peak identification- is being addressed by the development of
a CE data base (Dublin-Oxford Glycobase v3.1) using an
APTS maltrin ladder to normalize data. This facility now
makes CE-LIF a feasible technology for detailed structural
analysis. CE-LIF has been compared with UPLC for the
comprehensive characterisation of N-glycans released from
human IgG and, provided the use of an internal standard
ladder, the data base and enzyme array digestions, this orthog-
onal technique is suitable for glycan profiling, characterisation
and detailed structural analysis [21]. In common with HPLC,
CE-LIF can be coupled with MS, but this remains a
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challenging enterprise for the novice. Clinical applications of
this technology have been described for the detection of
chronic liver disease [22].

Mass spectrometry

Mass spectrometry (MS) of oligosaccharides has attracted the
major interest of instrument manufactures and there are many
instruments and technologies, a description of which is be-
yond the scope of this review [23]. However, briefly MALDI
TOF is a straightforward technique that can be used for rapidly
profiling and characterizing neutral glycans and more ad-
vanced instruments (ESI QTOF) are able to fragment selected
ions and are very powerful for the identification of complicat-
ed structures. One particular challenge facing mass spectrom-
etry for detailed structural analysis is the fact that glycans are
resolved according to their mass. Many algorithms exist to
predict composition from mass, however most combinations
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of hexoses, HexNAcs and other monosaccharides exist as
structural isomers with the same mass/composition. Although
fragmentation can solve some of the issues it is hard to obtain
robust quantitative data. Numerous front end separation tech-
niques, such as the coupling of liquid chromatography to mass
spectrometry have been developed to address this issue
[24-26]. Various chromatographic media such as PGC and
C18 have been developed and optimized [27, 28] while col-
umns have been miniaturized to nanoflow levels ensuring
improved sensitivity.

Advances in nano technology have led to the development
of chip-based analytical tools [29-31]. Although in its early
days, the advent of chip-based microfluidics promises even
more rapid glycoprofiling strategies for recombinant glyco-
proteins in the future. Microfluidic chips can be used for
profiling and characterisation depending on the separation
phases etched into their surfaces. An HPLC-chip device with
integrated sample preparation, glycan release, labeling and
separation has been developed and was readily demonstrated
for a broad range of applications [32]. Glycan analysis with
detailed linkage information can be acquired by flowing the
eluent from the chip into a mass spectrometry; this however,
requires extensive data interpretation. Other powerful devel-
opments in mass spectrometry are the coupling of fluores-
cence detection to mass spectrometry. HILIC UPLC/FLD/
QTof MS is a powerful tool for the characterisation of com-
plex glycan samples where the UPLC system is directly
interfaced into a QTof MS, and therefore introducing online
coupling of MS directly to fluorescence [33]. This has been
used in the analysis of the N-glycans from a recombinant mAb
(Trastuzumab) [34] and coagulation factor IX [33].

Robotic platform for high throughput glycan analysis

All profiling, characterisation and detailed structural analy-
sis with accurate quantitation of glycan structures requires
sample preparation. For N-glycans this usually involves
enzymatic release using PNGase F or PNGase A. This is
still time consuming and requires multiple steps. Most steps
are optimized for high throughput mode (96 well plate) but
manual handling of the samples is often used. Further devel-
opments in the speed of sample preparation are essential
from a biomarker discovery angle but also importantly in the
bioprocessing industry. This requires an integrated system
for glycoprofiling to determine batch-to-batch consistency
of glycosylation CQA for the recombinant protein.

The current method for sample preparation involves reduc-
tion, alkylation, immobilization, PNGase F/A treatment, gly-
can extraction, concentration, labeling, then clean-up of
excess label—a workup that can, if not optimised, take several
days [9]. A robotics platform, developed in 2008 [9], based on
a 96 well plate format, can be adapted for analysing multiple

samples. The methodology has been automated and optimised
for increased efficiency and reproducibility of glycan release
and labeling. The platform can deliver the glycoprofile of
samples, from removal of the glycan from the initial protein
to acquisition of the first chromatogram, condensed to as little
as 4 h depending on the glycoprotein thereby enhancing the
efficiency of the analysis [35].

Developments in enzyme immobilization in high throughput
microchromatography units have been described recently [36].
The capacity of running 96 samples in parallel for the enzymat-
ic digestion of glycans is a huge step forward and enables the
automation of multiple sample preparation. However, the lim-
itation still exists in the availability of enzymes. The exoglyco-
sidase matrix mediated sequencing of complex glycan pools
requires enzymes for the cleavage of specific linkages in order
to elucidate structural information regarding complex glycan
samples. An example of this is the lack of an enzyme for the
specific removal of N-glycolylneuraminic acid. Sialidases
available currently are capable of removing both N-acetyl-
and N-glycolylneuraminic acid with «2-3, 6, 8 or 9 linkages.
As the methods for the separation and resolution of glycans are
enhanced, with the increased efficiency of separations, a larger
array of enzymes with enhanced specificity is required to ensure
the complete identification of glycan structures.

Data analysis

Recent developments in high throughput glycan profiling
rapidly generate very large amounts of data. In addition, the
complexity and differences between various platforms
causes data analysis to be very demanding and time con-
suming. Interpretation of these results is a challenging task,
which necessitates bioinformatic solutions in the forms of
databases and new tools to facilitate data processing, anal-
ysis and interpretation.

In contrast to the proteomics and genomics fields, glyco-
science still requires comprehensive and accessible databases
that summarize the structure, characteristics, and potential
function of glycans, which have been experimentally verified
and reported in the literature [37]. Most of them have their
own special focus representing collections of experimental
data from HPLC, MS, NMR or microarray experiments
[37]. Initiatives to establish cross-links between data acquired
from different techniques are beginning to bear fruit.

The development of GlycoBase (http://glycobase.nibrt.ie/
glycobase/show nibrt.action) began in the Oxford Glycobiol-
ogy Institute in 1996 [8] as an aid to data interpretation. The
early versions contained HPLC normalized retention data,
expressed as Glucose Units, for 2-AB labeled N-glycan struc-
tures together with expected products of exoglycosidase
digestions. All structures were determined by a combination
of HILIC-HPLC with exoglycosidase sequencing and mass
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spectrometry (MALDI-MS, ESI-MS, ESI-MS/MS, LC-MS,
LC-ESI-MS/MS) [3]. The database is a work in progress and
today, the latest version gives information about structure,
exoglycosidase array digestions, mass/composition and pub-
lication references for the reported structures [4]. The latest
version of this database (GlycoBase 3.1) contains GU values
for more than 600 2-AB labeled N-linked glycan structures by
HILIC-UPLC and HILIC-HPLC technologies. In addition,
data for CE separations are available and the ongoing expan-
sion of these databases will include data from alternative
glycan separation methods such as RP-UPLC and MS com-
position and fragmentation data. There is also an O-link data
base and one for milk oligosaccharides.

EuroCarbDB (http://eurocarbdb.org) funded by the Euro-
pean Union gathered experts in the glyco-bioinformatics
field to link together rational databases containing analytical
data from HPLC, MS and NMR In particular, GlycoWork-
bench is a software tool developed by EuroCarbDB for the
manual interpretation of MS data, where structures can be
proposed by the user by comparison of data against a theo-
retical list of fragment masses [38]. In addition, the database
has been complemented by a set of tools, specifically
designed to assist the elucidation and submission of glycan
structure and experimental data when used in conjunction
with contemporary carbohydrate research workflows
[37-40]. The UniCarb-DB project was initiated in 2009 as
a continuation of the EuroCarbDB with the ambition to
extend the existing database and implement an innovative
approach to connect glycomics with systems biology [41].

Applications of the technology
Biomarker discovery

Once glycan structures have been determined, the next
challenge is the interpretation of the importance, in terms
of biology, of the structures present. Aberrations in glyco-
sylation have proven to be important for the detection of
disease. Examples of such diseases can be multiple types of
cancers (for a recent review see [42]), theumatoid arthritis
[43], galactosemia [44, 45], and schizophrenia [46, 47].

Controlling glycosylation in biopharmaceutical production

Advancements in the biopharmaceutical industry have led to
the new generation of monoclonal antibodies that could be
valuable for medicine and industrial use. Their potential as
therapeutics has continued to be explored at an exponential
rate. Safety and efficacy of these therapeutics have been a
major concern for regulatory agencies as alterations in man-
ufacturing may influence glycosylation significantly [48]. In
order to ensure the safety of patients and the efficacy of the
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therapeutic antibodies, drug manufactures must measure and
control glycosylation throughout the recombinant protein
production. Even small changes in cell culture conditions
may cause aberrant glycosylation, which may lead to a
number of potential risks [49].

In industrial applications, the biopharmaceutical compa-
nies have strict production guidelines for the manufacturing
of the recombinant therapeutics, as outlined by the EMA
(European Medicines Agency) and FDA (Food and Drug
Administration). These guidelines outline the critical fea-
tures of glycosylation that would be dangerous for use as
therapeutics, and thus the glycosylation must be monitored
[50, 51]. An example where non-human glycosylation has
caused issues in the past is a monoclonal antibody with
glycans containing «-Gal epitopes which led to immuno-
logical reactions when administered [52]. Therefore, all
regulatory agencies have increased pressure on biomanufac-
turers to assure satisfactory quality control programmes with
special emphasis placed on controlling glycosylation.

Systems biology

The establishment of very robust, repeatable and quantita-
tive HPLC technologies for the high throughput glycoprofil-
ing enable the comparisons large cohorts of samples in short
time periods. Following extensive detailed structural analy-
sis of the serum glycome [9] a major study profiling and
characterising the human plasma N-glycome from 1,008
individuals was carried out. Thirty-three glycan features
from each individual were quantified to evaluate the effects
of variability, heritability and environmental factors on the
levels of groups of plasma glycans [53]. Using the same
technology, Pucic ef al. isolated and analysed IgG from
three isolated populations, totalling 2,298 individuals [11].

The generation of glycomic information of the same
calibre as genomics or proteomics, has led to collaborative
studies such as that published by Lauc et al. [54]. This was
the first comprehensive GWAS study, which correlated lev-
els of glycans with SNPs, in 2,705 individuals in 3 popula-
tion cohorts from Croatia and Scotland. Significant
associations between glycans and genes were revealed by
relating genomics data with glycomics data. The analysis
reported an influence of Hepatocyte Nuclear Factor 1A
(HNF1A) and fucosyltransferase genes FUT6 and FUTS
on the N-glycome from human plasma [54].

Another breakthrough study on the systems biology inter-
face revealed three novel gene associations with variation in
human plasma N-glycome [15]. This study encompassed both
glycomics and genomics where data was obtained from over
3,500 European adults. In addition to previously published
polymorphisms (HNF1A, FUT 6, FUT 8) study identified
novel associations with B3GAT1, SLC9A9 and MGATS. It
is important to mention that neither B3GAT1 nor SLC9A9
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had previously been associated functionally with glycosyla-
tion of plasma proteins [15]. This study showed that glyco-
analytical technology is now sufficiently developed to join
genomics and other major fields in systems biology.

Understanding carbohydrate-protein interactions

Carbohydrate microarray technology is a new development
that is revolutionising the study of carbohydrate-protein inter-
actions and the elucidation of their specificities. Protein—gly-
can and glycan—glycan interactions mediate diverse biological
processes in cell communication and immunity. Understand-
ing the functional significance of these interactions is of major
interest to the scientific community. Since the introduction of
carbohydrate microarrays in 2002 [55], multiple platforms
have been developed, tested and most importantly proven to
provide essential biological information [56—60].

Glycoarrays are useful tools as a large number of glycans
can be assessed simultaneously. They can be used in screening
strategies for a wide variety of applications, for instance
separating glycans according to their terminal monosacchar-
ides in bioprocessing, detecting specific carbohydrate-binding
antibodies in disease diagnosis [61—63] and in carbohydrate-
mediated recognition events [64]. These studies have also
highlighted the issues that need to be addressed, if the glyco-
array technology is to become widely useful and available to
the wider scientific community and industry. Particular chal-
lenges include the chemical synthesis of oligosaccharide
reagents and standards, which is currently not possible in a
high throughput mode and is the bottleneck for glycoarray
development. Oligosaccharides are difficult to synthesize,
derivatise, and analyse, and the development of arrays
requires platforms that will be compatible with currently used
formats in hospitals and laboratories.

Glycoarrays are really a two-phase platform, one phase is
the generation of the glycan library, utilised as probes, which
are arrayed on the chip [65, 66] and the other is the method of
attachment of the glycan library [57, 67], which needs to
replicate faithfully the multivalent display of sugars, imitating
the presentation of carbohydrates in nature. The convention-
ally used strategy in the preparation of carbohydrate micro-
arrays is the covalent attachment of chemically modified
glycans to custom derivatized surfaces [60]. The most popular
solid surfaces for carbohydrate deposition are functionalised
glass slides, gold surfaces, microtiter plates and nanoparticles
[66, 68, 58]. The microtiter plate platform (ELISA type) is one
of the most commonly used formats for studying protein-
glycan interactions. It is widely used in the clinic, therefore
has the potential to become the first glycoarray platform for
true diagnostic applications. Many diagnostic applications of
glycoarrays are already emerging in infection and cancer so
the future is promising. The next step forward will be the
extensive testing in wider population.

Concluding remarks

In this article, current analytical technologies that are able to
profile, characterise and provide detailed structural analysis of
the glycosylation of natural and recombinant glycoproteins
have been briefly described. The advancements in this chal-
lenging field have been a significant benefit to the pharmaceu-
tical community in the production of glycosylated therapeutics.
In basic science they have opened up exciting possibilities for
integrating glycomics with other -omics fields, moving closer
to the realisation of a systems glycobiology view of the world
taking its place within mainstream science.
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