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identified. The identification of the carbohydrate content in their conjugates with proteins and lipids
(glycoforms) is often a challenging task. Most of the conventional instrumental analytical techniques
are time-consuming and require tedious sample pretreatment and utilising various labeling agents. Sur-
face plasmon resonance (SPR) has been intensively developed during last two decades and has received

g}r' g‘; ‘;rsz:rates the increasing attention for different applications, from the real-time monitoring of affinity bindings to
Glycoconjugates biosensors. SPR does not require any labels and is capable of direct measurement of biospecific interac-
Lectins tion occurring on the sensing surface. This review provides a critical comparison of modern analytical
Surface plasmon resonance instrumental techniques with SPR in terms of their analytical capabilities to detect carbohydrates, their
Label-free detection techniques conjugates with proteins and lipids and to study the carbohydrate-specific bindings. A few selected
Carbohydrate-lectin interactions examples of the SPR approaches developed during 2004-2011 for the biosensing of glycoforms and for
glycan-protein affinity studies are comprehensively discussed.
© 2011 Elsevier B.V. All rights reserved.
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7.3. Hyphenation of SPR with other analytical techniques for unraveling the nature and chemical composition

of the glycan-containing molecules.............................
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1. Introduction

The aim of this critical review is to provide a brief but com-
prehensive comparison of SPR with other modern instrumental
analytical techniques in terms of its applicability and usefulness of
the detection of different carbohydrates, their conjugates with pro-
teins and lipids, and the study of carbohydrate-specificinteractions.
It should be noticed that there is no aim to enumerate all works
published recently, although they undoubtedly made a significant
contribution to this field. The goal is to provide a critical broad
overview about instrumental analytical techniques and approaches
for screening and quantification of glycoforms, and measurements
the carbohydrate-specific interactions with a special emphasis of
the benefits of surface plasmon resonance.

Carbohydrates, their conjugates with proteins and lipids and
processes associated with them participate in many key physio-
logical functions, and play crucial roles in various biological events
ranging from cell-to-cell communication to cell death. For instance,
the linking of the carbohydrates to the amino acids of the pro-
teins, the protein glycosylation, appears to play critical roles in
various biological functions. Protein glycosylation is involved in
a wide range of physiological processes, such as tumor growth,
cancer, inflammations, immunological disorders etc. This makes
glycoforms and the processes they are associated with important
targets for their analysis and monitoring. The brief description of
carbohydrates, various types of glycoconjugates and the overview
of their functions and role in biological processes is given in Section
2 of this review.

The detection principles of carbohydrates and glycoforms are
often based on selective capture of sugar moieties using spe-
cific receptors - lectins - followed by the characterisation of
sugar-lectin interaction. Using a panel of lectins with known
specificities to oligosaccharide epitopes as an array simultaneous
probing of several carbohydrate-containing molecules can be car-
ried out. Brief description of lectins, their classification according
to carbohydrate specificity and the examples of lectin-based con-
ventional assay formats is provided in Section 3.

The advantages and difficulties of the carbohydrate microarrays
as a separate modern tool for the screening and measurement of
the carbohydrate-specific bindings are briefly described in Section
4,

Often unraveling of the structural composition of glycoconju-
gates is a challenging and complicated task. The difficulties arise

from the structural diversity of the glycoform molecule after the
glycosylation process. The structure of the glycoforms can vary
from molecule to molecule and from cell to cell. Complexity of
the carbohydrate content in the biological samples often necessi-
tates additional manipulations with the sample prior the detection
(e.g., glycan release, separation, purification). Conventional analyt-
ical techniques for the carbohydrate assay include different modes
of chromatography, electrophoresis and mass spectrometry. These
techniques are highly sensitive; however, they are often time-
consuming as they comprise the steps of purification, digestion
or enrichment of the sample. Moreover, often usage of radioac-
tive or fluorescent labels is required in order to visualise and detect
the eluted molecules. The critical overview of the advantages and
disadvantages of modern instrumental analytical techniques for
the detection and structural characterisation of carbohydrates and
carbohydrate-containing molecules is given in Section 5.

Label-free analytical techniques are suitable for both direct
detection of the carbohydrate-containing molecules and capability
of carrying out the real-time study and monitoring of carbohydrate-
specific interactions. Among other label-free analytical techniques
surface plasmon resonance has received special attention and has
found numerous applications from surface studies to biosensors
during last two decades. SPRis used for the real-time monitoring of
the biospecific interactions between the free analyte in the solution
and the ligand attached to a metal layer by measuring the alter-
ation of the refractive index as a result of increasing the analyte
surface concentration in the vicinity of the sensing surface. One of
the main advantages of SPR s its ability to provide the information
about the binding affinity and kinetics of the biospecific interaction.
Special SPR approaches like SPR imaging (SPRi) are characterised as
highly-throughput, capable of monitoring simultaneously multiple
carbohydrate-specific interactions in a microarray format. The brief
description of the working principle of different SPR approaches is
given in Section 6.

The selected examples of the application of SPR based tech-
niques and methods for the analysis of both small glycans and their
large glycoforms developed between 2004 and 2011 have been crit-
ically discussed in Section 7. SPR approaches were compared with
other modern analytical techniques in terms of their applicabil-
ity for the detection of carbohydrates and carbohydrate-containing
molecules.

Section 7 also reviews the attempts of coupling of SPR with
other analytical techniques like high-performance liquid chro-
matography, mass spectrometry and electrochemistry. Findings
from these studies help us to gain additional insights into the pro-
cesses occurring on the sensing surface, to improve the selectivity
of glycoconjugates analysis and to obtain the structural information
about the detected molecules.

2. Carbohydrates, carbohydrate-containing molecules and
their role in biological processes

Carbohydrates or glycans (monosaccharides, oligosaccharides
and polysaccharides) are one of the most abundant and diverse
classes of organic molecules found in nature. They consists of a
large class of compounds with the empirical formula Cir(H;0);, [1].

Monosaccharides are called simple sugars and can not be bro-
ken down into smaller sugars. Monosaccharides consist typically
of from three to seven carbon atoms and are described either as
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aldoses or ketoses, depending on whether the molecule contains
an aldehyde function or a ketone group. Hexoses containing six
carbon atoms are the most abundant sugars in nature. Aldoses or
ketoses are often given more detailed names to describe both the
important functional groups and the total number of carbon atoms,
forinstance aldohexoses and ketohexoses. Mannose (Man), glucose
(Glc) and galactose (Gal) are the typical examples of aldohexoses.

Oligosaccharides (greek oligo-*“few”) consist of from two to ten
simple sugar molecules. Disaccharides are common in nature. Mal-
tose (2 units of Glc), sucrose (Glc and fructose) and lactose (Glc and
Gal) are the examples of disaccharide molecules. Oligosaccharides
are often found as a component of complex biological molecules
including glycoproteins or glycolipids.

Polysaccharides are polymers of the simple sugars and their
derivatives. They may be either linear or branched polymers
and may contain hundreds or even thousands of monosaccharide
repeating units. The well-known representatives of polysaccha-
rides are starch, glycogen, cellulose and chitin.

Carbohydrates play vital roles in all forms of life. They are
involved in a large number of biological recognition phenomena
such as cell-cell interactions [2] and cell death [3], signal transduc-
tion [4], inflammatory processes, cancer metastasis [5], bacterial
and viral infections [6]. Carbohydrates serve as energy sources
(e.g., starch and glycogen); they are the components of coenzymes
and the parts of nucleic acids. Glycans and their conjugates with
proteins and lipids play key roles in the immune and endocrine sys-
tems, fertilisation, brain development, prevention of pathogenesis
and blood clotting [7,8].

The major classes of protein- and lipid-linked oligosaccharides
include glycoproteins and proteoglycans; glycopeptides; peptido-
glycans; glycolipids and lipopolysaccharides [9]. These compounds
differ by sugar, protein or lipid contents in the molecule and the
role they play in biological processes. In naturally occurring glyco-
conjugates, the portion of the molecule comprising the glycan can
vary greatly in its contribution to the overall size, from being very
minor in amount to being the dominant component or even almost
the exclusive one. In many cases, the glycans comprise a substan-
tial portion of the mass of glycoform. Here a brief overview of the
main classes of glycoconjugates and their biological functions is
provided.

Glycoproteins (GPs) are proteins that contain glycan chains
covalently attached to polypeptide side chain (Fig. 1A). The
carbohydrate may be in the form of a monosaccharide, disac-
charide, oligosaccharide, polysaccharide, or their derivatives (e.g.,
sulfo- or phospho-substituted). The carbohydrate content in gly-
coprotein may vary from one to 80 percent. The predominant
sugars found in glycoproteins are Glc, Gal, Man, fucose (Fuc), N-
acetylgalactosamine (GalNAc), N-acetylglucosamine (GIcNAc). The
sugar chain can be linked to the protein component in two major
ways, through either O-glycosidic or N-glycosidic bonds. The O-
glycosidic linkage forms due to the direct attachment of GalNAc, a
galactose molecule with an amine group covalently bonded to the
second carbon, to the protein part through either serine (Ser) or
threonine (Thr). Another type of O-linked glycoproteins consists of
a Gal or a glucosyl-galactose disaccharide linked to the hydroxyl of
hydroxylysine or arabinose bound to the hydroxyl of hydroxypro-
line. The other class of glycoproteins contains the N-linked glycans.
In this case GIcNAc, a glucose molecule with an amine group cova-
lently bonded to the second carbon, is attached to the N-terminus
of an asparagine (Asn) residue. The asparagine must be surrounded
by a specific amino acid sequence containing -X-Asn-X-Thr; where
the X can be any amino acid, while a large variety of polysaccha-
ride side chains can be linked to the other side of GIcNAc. A typical
carbohydrate chain includes a few Man linked to GlcNAc [10,11].

GPs play a crucial role in a number of important cellu-
lar processes involving cell-to-cell communication, proliferation,

recognition and death. Glycoproteins are also involved in transport-
ing of biologically active substances like vitamins and hormones,
play animportantrole in nervous functions, biosynthesis and tumor
metastasis [2-4]. GPs are found in different tissues (e.g., cartilages,
nerve and connecting tissues). Such glycoproteins like prothrom-
bin, thrombin, and fibrinogen play a critical role in blood clotting
mechanism. Certain glycoproteins have a protective function. For
example, high molecular weight polymers like mucins found on
internal epithelial surfaces form a layer that protects epithelium
form chemical, physical, and microbial disturbances. Some glyco-
proteins protect the skin from the other excretory products that
could be harmful for the skin; also they maintain the structure
of the skin (collagen). Many glycoproteins function as hormones,
for instance, human chorionic gonadotropin (HCG) presence of
which in blood and urine indicates pregnancy. Another example of
glycoproteins is erythropoietin which regulates red blood cell pro-
duction. Enzymes of classes of oxidoreductases, transferases and
hydrolases are also glycoproteins. GPs play role in vision, forming
the outer membranes of retinal rods. Glycoproteins directly partic-
ipate in immune response as they are contained on the surface of
B and T cells; moreover, immunoglobulins are also glycoproteins
[12].

The majority of the proteins targeted by therapeutic compounds
are glycoproteins. This includes pharmaceutical products for heart
diseases, cancer, neurodegenerative disorder and diabetes [13].
Some GPs are used as a tumor and infection markers in order to
monitor the adherence of the bacteria to cells and tissues [14,15].

Removing or altering the sugar chain may affect the structure
and the functions of the glycoprotein molecule. It has been reported
that protein glycosylation, the linking of the carbohydrates to the
amino acids of the proteins, seems appears to play critical roles in
biological functions and affect a wide range of physiological pro-
cesses including tumor growth, cancer, metastasis, inflammations,
chronic, immunological and cardiovascular disorders [16-21].

Proteoglycans (PGs) are a subclass of glycoproteins in which the
carbohydrate units are polysaccharides that contain amino sug-
ars, glycosaminoglycans (GAGs). Proteoglycans may contain up to
about 100 covalently attached GAGs like hyaluronan, chondroitin
sulfate, keratin sulfate, dermatan sulfate and heparan sulfate. The
GAGs of the proteoglycans are linear polymers of up to about 200
repeating disaccharide units consisting of glucosamine (GIcN) or
galactosamine (GalN) alternating with an uronic acid or a neu-
tral sugar. The chain of repeating units is attached through the
link protein to the core protein by a linkage region consisting of
oligosaccharide of a structure different from the repeating units
(Fig. 1B). Proteoglycans may also contain one or more oligosaccha-
rides of structures similar to those found in other glycoproteins.
Proteoglycans are very diverse molecules, and various combina-
tions of both different types of proteins and classes of GAG chains
are found in vertebrates.

PGs found in the connective tissue including blood vessels, carti-
lages and skin, on the cell surfaces and intracellular compartments.
PGs are the major part of the animal extracellular matrix. Specific
interactions between proteoglycans and macromolecules in the
extracellular matrix, which take place through both glycosamino-
glycan and core protein components, are the key factors in the
functions of proteoglycans [22].

PGs are involved in binding cations (Na*, K* and CaZ*) and
water, regulating the transfer of molecules through the matrix,
affecting the stability and activity of proteins, cell-cell adhe-
sion, cell signaling, migration and proliferation [23]. They play an
important role in cell interactions, cell division, viral and tumor
invasions, cancer and metastasis, neuroregeneration and differen-
tiation [24]. The inability of certain enzymes to degrade PGs leads to
their accumulation within cells and various disorders development
[25].
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Glycopeptides (GPps) are peptides that contain carbohydrate
moieties covalently attached to the side chains of the amino acid
residues (oligopeptide) through a glycosyl linkage (O-, N- or S-
) (Fig. 1C). Glycopeptides are produced by enzymic or chemical
cleavage of glycoproteins, or by chemical or enzymic synthesis.
They play arole in fertilisation, the immune system, brain develop-
ment, the endocrine system and inflammation [26,27]. Many GPps
are pharmaceuticals for treatment of infections and inflammations
[28].

Peptidoglycan (PpG), or murein, is a polymer containing sugars
(GAGs) cross-linked by a peptide bond consisting of 3-5 amino
acids (Fig. 1D). PpG is an essential component of the bacterial cell
wall, which helps to maintain the cell structure and counteracts

the high osmotic pressure of the bacterial cell. This macromolecule
is known to occur as a monomolecular layer between the inner
and outer membrane in Gram-negative bacteria and as a multi-
molecular layer, often associated covalently or non-covalently with
various additional compounds (teichoic acids, neutral polysaccha-
rides, etc.) in Gram-positive bacteria.

Peptidoglycan regulates the transport of molecules into cells,
participates in the regulation of cell division. Bacteria also often
release peptidoglycan fragments, which function as signals in
cell-cell communication. Bacterial PpG stimulates the produc-
tion of mediators which cause different biological effects in the
host organism like inflammation, fever, hypotension, leukocytosis,
shock and multiple organ failure [29].
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Lipids attached to a short carbohydrate chain (mono-
or oligosaccharides) form glycolipids (GLs) (Fig. 1E). Glycol-
ipids include glycosphingolipids, sphingolipids and gangliosides.
Glycosphingolipids contain a hydrophobic ceramide anchor N-
acylsphingosine and a hydrophilic head group composed of sugars.
Glycosphingolipids are usually found at the outer surface of
cell membranes. Sphingolipids are consisted in brain and there-
fore are referred as brain lipids. They can be classified as (1)
gray-matter lipids (neuronal lipids) and (2) white-matter lipids
(myelin). Neuronal lipids are similar to other tissue and cell
membranes, while myelin contains sphingolipids, cholesterol,
and phospholipids. Gangliosides are specific for neuronal lipids.
Their degradation, i.e. removing the saccharide units, is catal-
ysed enzymatically by transferases. Defects in these enzymes and,
therefore, a defect in ganglioside metabolism, lead to glycolipid
storage disorder associated with certain neuro-degenerative dis-
eases.

Glycolipids play significant roles in signaling mechanism (brain
lipids), blood clotting, cell adhesion, and serve as markers for
cell-cell communication and as an energy source [30,31].

Lipopolysaccharides (LPSs), or lipoglycans, are large molecules
consisting of a lipid covalently joined to a polysaccharide. They are
found in the outer cell membrane of all Gram-negative bacteria.
Today the structures of the LPSs of many Gram-negative microor-
ganisms have been characterised, and they all display a common
general architecture. The molecules contain three separate groups
covalently attached to each other: O-polysaccharide chain, outer
and inner cores, and lipid A [32,33] (Fig. 1F). Differences between
species and strains exist in all parts of the molecule, but most vari-
ation occurs in the O-chain, followed by the core region and at last
by the lipid A part.

The repeating O-polysaccharide units are composed of hexoses
and consist between one and eight glycosyl residues. Diversity
of the structure of the O-polysaccharide units is responsible for
multiplicity of serotypes of Gram-negative species. The inner core
contains a high proportion of 3-deoxy-D-manno-octulosonic acid
and L-glycero-D-manno heptose. The outer core is more likely to
consist of hexoses (Glc, Gal) and hexosamines (GalNAc and GIcNAc).
The last part, lipid A, is typically composed of the GIcN residues car-
rying two phosphoryl groups which can be substituted with other
groups like phosphates or sugars. To this structure up to four acyl
chains are attached, which in turn be substituted by fatty acids,
saturated or unsaturated (rarely).

The O-polysaccharide as the outermost part of the LPS molecule
is therefore the major antigen targeted by host antibody responses.
Due to the high specificity of these responses, the O-chain is often
also known as the O-antigen. LPSs cause inflammatory reaction,
triggering toxic reactions such as fever, shock and even death
[34-36]. Also bacterial LPSs are involved in surface adhesion to host
tissue [37] and are essential for the viability of all Gram-negative
bacteria.

Protein- and lipid-linked oligosaccharides are a large compo-
nent of the eukaryotic cell surface where they play a critical
role in biological processes of cell-cell and cell-pathogen inter-
actions and adhesion. The selected representatives of different
glycoconjugates and the biological functions associated with them
are presented in Table 1. Alterations in both the synthesis and
catabolism of the oligosaccharides in the content of glycocon-
jugates may have serious and life threatening consequences,
such as tumor metastasis, carbohydrate deficiency syndromes
and lysosomal storage diseases [38]. The high biological impor-
tance of carbohydrate-containing molecules clearly indicates the
necessity of the development of novel and improvement of
existing chemical, biochemical and instrumental analytical tech-
niques for their reliable detection, identification and structural
characterisation.

3. Lectins as a tool for the detection of glycans and the
characterisation of carbohydrate-specific interactions

3.1. General characteristics of lectins and the nature of their
binding to carbohydrates

A sensitive detection and mapping of carbohydrate-containing
molecules and characterisation of the glycosylation pattern of
proteins may be achieved by using carbohydrate-specific lectins.
Lectins (lat. legere—“to select”) are proteins or glycoproteins of
non-immune origin found in plants, microorganisms, animals
and humans. They recognise and reversibly bind to specific car-
bohydrate structural epitopes through hydrogen bonds, metal
coordination, van der Waals and hydrophobic interactions with-
out altering the glycan molecule [39,40]. For instance, two amino
acids residues in the protein bind to both the metal ion and the
sugar, while other protein side chains form hydrogen bonds with
other hydroxyl groups on the carbohydrate.

Divalent cations, such as Ca2*, Mg2* and Mn2* are involved in
carbohydrate recognition either indirectly, by orientation of the
amino acid chain, or by acting as a bridge between the protein and
the sugar moieties through the interactions with sugar hydroxyl
groups.

Despite on the hydrophilic character of carbohydrates
caused by the presence of multiple hydroxyl residues, the
interactions through hydrogen bonds are not dominating in
carbohydrate-lectin binding. Non-polar (hydrophobic interac-
tions) play a major role in stabilising of sugar-lectin complexes
[41], for instance, the interaction between aromatic residues and
galactose in galactose-specific lectins.

3.2. Conventional lectin-based approaches for carbohydrates
discrimination

Large group of methods of separation, isolation and the
subsequent identification of mono-, oligo- and polysaccharides,
glycoproteins and glycolipids is based on their individual affinity to
lectins [42]. In general, in terms of their carbohydrate binding affin-
ity lectins are divided into four major classes: (1) mannose binding
lectins, (2) galactose binding lectins, (3) lectins, which recognise
sialic acid and (4) fucose discriminating lectins. Table 2 provides
general information about the selected lectins, which are classified
according to their carbohydrate specificity.

Current research on lectins is focused on two directions. The first
direction is based on the characterisation of the lectin molecule
structures, their biological roles and carbohydrate-binding speci-
ficity. Another research direction is focused on the application of
lectins as a powerful tool for isolation, identification, characteri-
sation and study either free forms of glycans or their conjugates
with lipids and proteins, both in solution and on solid surfaces
[43-45]. This approach finds application, for instance, in purifica-
tion of glycoconjugates by lectin-based affinity chromatography,
which is described in sub-section 5.1. A panel of different lectins
with known specificities can be an excellent tool to probe and to
map the oligosaccharides epitopes and the carbohydrate moieties
on the cell surface [46,47]. The larger number of lectins with dif-
ferent glycan affinities is used, the broader pool of carbohydrate
moieties can be mapped. This can be applied either for a bet-
ter assessment of protein glycosylation or can provide additional
insights for studying of the process of bacterial cell adhesion.

Application of lectins as recognition molecules for the discrimi-
nation of glycans is well-known and described elsewhere [48]. The
choice of the assay format depends on the purpose and the material
studied. Semiquantitative method of carbohydrate analysis is based
on visual precipitation (agglutination) which occurs after mixing
lectin and carbohydrate-containing solutions [49,50]. Although this
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Selected representatives of the major classes of glycan-containing molecules and their biological function and importance.

Glycoconjugate MW (kDa) Carbohydrates composed Function, activity, importance
in its structure
Glycoproteins (GPs)
Fetuin 48 Neu5Ac, Gal, GalNAc Important for stimulation of cell proliferation in vitro;
Antagonist of antiproliferation action of TG1-3;
Identified as an apoptosis-inducing protein with anti-cancer activity;
Mediates the transport and availability of biosubstances;
Calcium ion binding protein
Asialofetuin 48 Gal and GalNAc Marker for human carcinoma cells
Transferrin 80 GlcNAc-Man, GlcNAc- Binds, stores and delivers iron;
GlcAc-Man-GIlcNAc Marker of inflammation reaction
RNAase B 14.7 GlcMan, Man-GlcNAc Catalyses the hydrolysis of RNA;
Protects RNA from viruses
Thyroglobulin 660 Man, GlcNAc, Neu5Ac Plays an important role in the synthesis and releasing of thyroid hormone;
Marker of thyroid cancer
Proteoglycans (PGs)
Chondroitin sulfate 16.9 -4GIcUAB1-GalNAcB1- Plays role in maintaining the structural integrity of the tissue;
Major component of cartilage;
Stabilises normal brain synapses as part of perineuronal nets.
Glycopeptides (GPps)
Oritavancin 1.793 GIcNAc and MurNAc Antibiotic for the treatment of serious Gram-positive infections
Peptidoglycans (PpGs)
Murein nx109 (n=3-6) GIcNAc and MurNAc Helps maintain the structure of the bacterial cell;
Involved in bacterial cell reproduction
Glycolipids (GLs)
Galactocerebroside ~ 0.840 Gal A part of myelin
Gangliosides 0.7-1.6 Glc, Gal, Neu5Ac Serves in cellular recognition and cell-to-cell communication.

Lipopolysaccharides (LPSs)

Bacterial endotoxins 10-100 Gal and GalNAc

Triggers inflammations, fever and septic shock. Important for viability of the bacterial cell

Abbreviations of the carbohydrates residues (in alphabetical order).
Gal—galactose.
GalNAc—N-acetylgalactosamine.

Glc—glucose.

GlcAc—glucuronic acid.
GlcMan—4-b-D-glucosylmannose.
GlcNAc—N-acetylglucosamine.
Man—mannose.

MurNAc—N-acetylmuramic acid.
Neu5Ac—N-acetylneuraminic acid (sialic acid).
UA—uronic acid.

Table 2

Selected representatives of lectins and their carbohydrate binding specificity.

Lectin Abbreviation Source MW (kDa) Carbohydrate binding affinity

Mannose binding lectins

Concanavalin A Con A Canavalia ensiformis 102 Branched a-mannosidic structures; Mannose type, hybrid type and
biantennary complex type N-glycans

Lentil lectin LCH Lens culinaris 48 Fucosylated core region of bi- and triantennary complex type
N-glycans

Snowdrop lectin GNA Galanthus nivalis 60 a 1-3 and « 1-6 linked high mannose structures

Galactose/N-acetylgalactosamine binding lectins

Ricinus communis agglutinin RCA Ricinus communis 120 GalB1-4GIcNAcB1-R

Peanut agglutinin PNA Arachis hypogaea 110 GalB1-3GalNAca1-Ser/Thr (T-antigen)

Hairy vetch lectin VVL Vicia villosa 70 GalNAca-Ser/Thr (Tn-antigen)

Sialic acid/N-acetylglucosamine binding lectins

Wheat germ agglutinin WGA Triticum vulgaris 34 GIcNAcB1-4GIcNAcB1-4GIcNAc; Neu5Ac

Maackia amurensis MAA (MAL) Maackia amurensis 140 Neu5Ac/Glca2-3Gal31-4GIcNAcB1-R

Fucose binding lectins

Ulex europaeus agglutinin UEA Ulex europaeus 170 Fuca1-2Gal-R; Fuca1-2Galp31-4(Fuca1-3/4)Gal31-4GlcNAc

Aleuria aurantia lectin AAL Aleuria aurantia 334 R2-GIcNAcB1-4(Fuca1-6)GIcNAc-R1

Abbreviations of the carbohydrates residues (in alphabetical order).
Fuc—fucose.

Gal—galactose.

GalNAc—N-acetylgalactosamine.

Glc—glucose.

GIcNAc—N-acetylglucosamine.

Man—mannose.

Neu5Ac—N-acetylneuraminic acid (sialic acid).

Ser—serine.

Thr—threonine.



G. Safina / Analytica Chimica Acta 712 (2012) 9-29 15

method is simple, it requires significant consumption of reagents
and can not be applied for the analysis of minute amounts of sam-
ple.Enzyme-linked lectinosorbent assay (ELLA), lectinoblotting and
lectin-glycan interaction on thin-layer plates are more advanced
and sensitive methods for the assay of glycoconjugates and for
measuring lectin-carbohydrate interactions [44]. ELLA, a modified
version of enzyme-linked immunosorbent assay, where antibodies
in the enzyme conjugate are replaced by lectins, does not require
large amounts of reagents and sample, and is suitable for multiple
samples analysis on a microtiter plate [51,52]. At the same time, the
assay procedure consists of several incubation and washing steps,
and, therefore, is often time-consuming.

Lectin-based luminescent techniques for the detection of gly-
cans and glycoconjugates are described in [53,54]. A new sensitive
detection the very low amount of glycoproteins, the potential
biomarkers, using LectinNanoProbeArrays is developed by Nagaraj
et al. [55]. This approach is based on creating the lectins array
by deposition only a few hundreds of picoliters of lectins utilis-
ing a piezoelectric liquid dispenser. The formed lectin spots are
only 250 wm in diameter. Then nanoliters of fluorescently labeled
probes of asialofetuin and sialyated form of fetuin are dispensed
over the lectin spots on the array. The developed approach makes
it possible to distinguish the small yet important changes between
the closely related glycoforms of fetuin.

Lectin microarrays appeared to be the useful and effective tools
for the characterisation of the carbohydrate-protein interactions
[56,57]. On the one hand, this approach is extremely sensitive,
simple, allows detection of the glycoprotein down to picomolar
concentrations and has potential to become a suitable tool for
glycoprotein assay. On the other hand, the identification of the car-
bohydrate moieties in the unknown sample may be complicated.
In this case it is necessary first to isolate the glycoprotein of inter-
est from a mixture of other glycoproteins as they may also have
specificity to the same lectin and act as interferences. The described
approach also requires labeling of the probe before the detection,
which makes the assay more complex and time-consuming.

4. Carbohydrate microarrays as an efficient
high-throughput tool for measuring the
carbohydrate-specific interactions

Carbohydrate microarrays containing the group of mono-,
oligo- and polysaccharides immobilised on a solid support are the
high-throughput tools for monitoring the carbohydrate-protein
interactions and have been intensively developed during last years
[58-60]. The most commonly used approach for making the gly-
can microarrays is covalent attachment of chemically modified
carbohydrates to the derivatized glass surfaces. Other approaches
including non-covalent immobilisation of the unmodified carbohy-
drates on an underivatized surface, non-covalent immobilisation
of the chemically modified carbohydrates on an underivatized sur-
face, and covalent immobilisation of the unmodified carbohydrate
on a derivatized surface are also described in a number of research
articles and reviews [59-70].

In carbohydrate microarrays a few nanoliters of solutions
containing glycans in concentrations of 1-100 wM are precisely
deposited on the glass surface in 5-15 wm-diameter spots. Array
is incubated for several hours with fluorophore-labeled sample in
order to allow the biospecific binding with the immobilised glycans,
and the fluorescence intensity is measured by optical detectors.

Glycan microarrays have been successfully applied for:

(1) High-throughput measurements of carbohydrate-lectin inter-
actions and characterisation of novel carbohydrate-binding
proteins [58,59,62];

(2) Rapid estimation of enzymatic activity of carbohydrate-
processing enzymes and determination of their substrate
specificity;

(3) Profiling of carbohydrate-antibody interactions for the pur-
poses of medical diagnostics;

(4) Detection of bacterial and viral pathogens and study of the
adhesion mechanism of the bacterial cells to the carbohydrate
surfaces [63,71];

(5) Characterisation or novel pharmaceuticals and therapeutic tar-
gets.

Lectin-binding assays performed using carbohydrate microar-
rays, in contrast to the conventional agglutination tests, are highly
sensitive, enable to recognise below 1 nM of lectin [62], and require
much less amount of sample. The most significant advantage of the
carbohydrate microarrays-based assay is the possibilities to rapidly
screen hundreds or even thousands samples at a time, and to study
numerous protein-carbohydrate interactions simultaneously on a
miniature array surface.

Although carbohydrate microarray appears to be an efficient
tool for measuring even relatively weak glycan-protein bindings,
this technique has several limitations. First, because of the lack of
functional groups capable of covalently bind to a surface, glycans
must be derivatized or modified prior the immobilisation. Second,
the immobilised glycans should be properly oriented and spaced on
the surface in order to allow the bindings with the tested sample
[72]. Third, in order to carry out the detection of the sample using
the conventional detectors, the bioprobes need to be labeled with
fluorescent or radioactive tags, or gold nanoparticles [60,73-76].

5. Instrumental analytical techniques for the detection of
carbohydrates and carbohydrate-containing molecules and
characterisation of carbohydrate-protein bindings

In general, structural characterisation of glycoconjugates is a
challenging and difficult task. It is more complicated than, for
instance, characterisation of nucleic acids or proteins [77]. The dif-
ficulties are attributed to the structural diversity of the conjugate
after the glycosylation process, so called microheterogeneity. The
extent of the structural diversity can vary from one glycosylation
site to another, from glycoprotein to glycoprotein, and from cell
type to cell type. This indicates that at any given glycan attach-
ment site on a given protein synthesised by a particular cell type,
a range of variations can be found in the structures of the attached
glycan chain. Because of the complexity of the carbohydrate con-
tent in the biological probe, the additional manipulation with the
sample, such as separation, purification and glycan release prior
the identification are often required [78]. Despite on the mentioned
difficulties, the intensive development of modern analytical instru-
mental techniques during the last years made a significant progress
in the structural analysis of glycoconjugates and in studying the
protein glycosylation [79]. The brief overview and critical discus-
sion of modern techniques for isolation, detection and structural
characterisation of glycans and glycoforms are given in this section.

5.1. High-performance liquid chromatography for isolation and
detection of glycan-containing molecules

Normal-phase, reversed-phase, ion-exchange, thin-layer, affin-
ity and size-exclusion chromatography coupled with UV, fluores-
cent, electrochemical, mass spectrometric (MS) and light scattering
detectors are successfully used for isolation of glycoconjugates
followed by their detection and quantification [78,80-98]. Such
hyphenated techniques accomplished with programs contain-
ing glycan database and tools to assist the interpretation and
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assignment of HPLC-glycan profiles [99] are powerful and are
capable of providing both qualitative and quantitative detailed
information about the complex structure of the unknown glycan
species with little sample consumption. However, these techniques
require a few pretreatment steps prior the detection. These steps
include tryptic digestion of the bioprobe, releasing/isolation of gly-
cans, purification, derivatization and often labeling [100], which
make the overall assay tedious and time-consuming. Therefore,
often the complete analysis of the sample requires several days.
On the other hand, despite on these difficulties, recent advances
in sample preparation and carboohydrate modification made suf-
ficient improvements in isolation, identification and quantification
of glycans and their conjugates using chromatographic techniques.

Isolation, fractionation and characterisation of glycans or their
conjugates can be successfully performed using lectin affinity chro-
matography [101]. In this format of chromatography a buffer
consisting of a mixture of glycans passes through the column
containing the immobilised lectin. Different lectins are able to
specifically recognise distinct oligosaccharide epitopes in the
structure of the analysed molecule. The glycans elution profile
gives information about ligand binding specificity and interaction
strength. The separation can be facilitated if the column containing
several immobilised lectins with different carbohydrate specifici-
ties (multi-lectin column) is utilised. In this case the entire pool
of glycoproteins can be recognised and characterised [102,103].
Although lectin affinity chromatography is simple, this technique
provides only a limited information about the binding affinity, for
instance, it is difficult to deduce the values of association and disso-
ciation constants (K and Kp), especially if multiple-ligand column
is used.

Frontal affinity chromatography (FAC) is more efficient
and sophisticated way for measuring and assessment of the
lectin-carbohydrate interactions [104,105]. In FAC the known
amount of glycan labeled with fluorescent tag is applied to the
column containing the immobilised lectin, and the elution of the
carbohydrate from the column is monitored. The eluted volume is
ameasure of the binding affinity. The inversed mode, where lectins
are applied to the column with the attached glycans is also possible.
The latter approach requires only a few micrograms of protein for
each analysis. FAC is a powerful, accurate, convenient and highly
sensitive approach capable of detection of picomoles of oligosac-
charides [106-108]. This technique is simple, does not require the
use of sophisticated equipment and involvement of skilled person-
nel. FAC is suitable for the characterisation even weak bindings. If
the binding affinity is high, the assay requires a very low amount
of analyte. Conversely, if the binding affinity is low, the relatively
large amounts of analyte may be needed. The important issue is
the stability of lectin immobilised on the column matrix. In this
case the protein retains sufficient binding affinity for many col-
umn runs. The drawback of FAC is that many different column runs
must be made in order to perform the complete analysis of the gly-
can of interest from a complex sample containing several different
saccharides. Thereby, the assay may take weeks to months.

5.2. Capillary electrophoresis for the separation and
quantification of glycans and glycan-containing molecules

Electromigrative separation techniques provide high-speed
separations, high resolution and nowadays are frequently applied
for glycoforms analysis. The separation of glycans is based on
differences in their effective electrophoretic mobility in the sepa-
ration medium under the applied external voltage. Several types of
electrophoretic techniques such as capillary zone electrophoresis,
micellar electrokinetic chromatography, gel electrophoresis and
capillary electrochromatography have been utilised for glycans and
glycoconjugates separation [109-119]. Despite on that capillary

electrophoresis (CE) provides good resolution, rapidity and allows
carrying out measurements with little sample consumption, this
technique has a number of difficulties in terms of the glycoconju-
gates assay. For instance, in contrast to HPLC, which are capable
of separation both charged and neutral compounds, only ionic or
ionizable species can differentially migrate under an applied elec-
tric field and, thus, be separated by CE. At the same time, most of
the glycans are not readily ionizable, which hinders the applica-
tion of CE for their separation. Although, as an alternative, neutral
compounds can be separated by micellar electrokinetic chromatog-
raphy, the application of this technique is limited because of the
hydrophilic nature of carbohydrates.

Carbohydrates mainly lack the chromophores, fluorophores
and, in general, are electrochemically inactive. Therefore, deriva-
tization or labeling of glycans is required in order to make them
distinguishable by the detectors, such as optical or electrochemical,
which are usually coupled with the CE set up [75]. In order to be able
to unravel the chemical composition of the analysed molecules,
electrophoretic separation can be hyphenated with mass spec-
trometric detection (CE-MS). CE-MS forms a powerful tandem
technique, which provides the information about the chemical
composition of the carbohydrates following after the separation
of the glycans [114,116]. In return, the essential contribution of
CE in this tandem is in its capability to resolve isomers, which are
otherwise indistinguishable by merely MS. In addition, CE-MS is
highly sensitive technique and is suitable for the quantification of
nanograms of glycan.

5.3. Mass spectrometry for the analysis of carbohydrates and
glycoconjugates

Mass spectrometry is a powerful technique suitable for both
the structural characterisation and quantification even a minute
amounts of glycans (lower fmol range) [120,121]. MS is a useful
technique for analysis of even complex glycan mixtures. Different
MS techniques, including, electrospray ionisation mass spec-
trometry (ESI-MS) [122-126] and tandem MS/MS [124,127,128]
sequencing can be used for the thorough analysis of the bio-
logical samples and can bring insight into the structures of the
individual glycans. Indeed, the special contribution is made by
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF), applicability of which for the analy-
sis of carbohydrates and glycoconjugates is illustrated in a number
of papers and vast and exhaustive reviews [122-124,129-135].

High sensitivity and efficiency allow MS to be utilised for mea-
suring the changes in proteins glycosylation [136-138], though
it is possessed of a number of limitations, and study of protein
glycosylation by MS still remains to be a challenging task [139].
First, rapidity and dynamics of the glycosylation process com-
plicate obtaining of reproducible results. Another limitation is a
poor resolution of the peaks. For instance, MALDI-TOF provides a
good resolution of individual glycoforms only for small proteins
(~40kDa) containing a limited number of glycans. The mea-
surements of larger glycoproteins and those containing multiple
glycosylation sites usually yield broad and unresolved peaks, and
therefore give information only about the average carbohydrate
content. It occurs due to microheterogeneity, the phenomenon
when one peptide can be glycosylated by different carbohydrates
and each of them has its own mass and structure. In addition, many
biological samples contain the mixtures of isomeric oligosaccha-
rides of different structures but the same mass, which hinders of
obtaining the well-resolved peaks. Luckily, this problem may be
partially solved by separation and isolation of the isomeric glyco-
forms on the reversed-phase or normal-phase HPLC column prior
the MS detection [97,140-142]. Third limitation of utilising MS
for the analysis of glycoconjugates is attributed to their lower
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ionisation efficiency in contrast, for instance, to proteins. Fortu-
nately, certain problems and artifacts during the assay, such as the
ones associated with formation of droplets in ESI-MS, can be sig-
nificantly reduced with application of the nanospray ESI technique
[143].

5.4. Application of flow cytometry for the quantification of
glycans

Flow cytometry can be used as an alternative method to study
the lectin-glycan interactions [144,145]. The approach described
by Yamamoto et al. is based on the immobilisation of the biotiny-
lated glycoproteins on streptavidin microsphere beads followed
by their mixing with various amounts of fluorophore-labeled
lectins [145]. The biospecific binding is detected and quantified by
measuring the fluorescence signal by a photomultiplier tube.
Although, this strategy is simple, rapid, reproducible and suitable
for the measurement of minute samples, probe labeling, high price
of the equipment and requirement of highly-trained personnel
limit the application of flow cytometry for the particular purpose
of glycan analysis.

5.5. Atomic force microscopy for probing the glycan-containing
molecules and study the glycan-protein interactions

Atomic force microscopy (AFM) is a very high-resolution scan-
ning probe microscopy, with resolution on the order of fractions of
a nanometer. It is sufficiently powerful to be used for imaging the
structures of various surfaces and is capable of providing a three-
dimensional surface profile. The ability of AFM to operate well in
ambient air or liquid environment makes it possible to be applied
for study biological molecules and even living cells.

A few attempts of studying lectin-glycan interactions were
made by functionalising of an AFM tip with different types of
lectins [146,147]. The obtained results have indicated the possi-
bility to differentiate the oligosaccharide moieties on the surfaces
of tumor and reference (healthy) cells. One of the major draw-
backs of AFM, however, is its relatively low imaging speed. Usually
several minutes are required for a typical scan. This makes it impos-
sible to perform the real-time imaging of the dynamic processes,
such as protein glycosylation, on a molecular scale. In addition,
the application of AFM may not be the optimal and adequate
choice for routine analyses of carbohydrates because of the high
price of the apparatus and requirement of high-skilled person-
nel.

5.6. Nuclear magnetic resonance spectroscopy for the
determination of glycans structure

Nuclear magnetic resonance (NMR) spectroscopy is a promising
technique for the structural analysis of carbohydrates [148-150],
the dynamics of the glycan termini of the glycoproteins [151] and
the linkage information in biological samples [152,153]. With using
the NMR spectrometers equipped with very sensitive probes, H
NMR profiling of 2-5nmol of glycans is possible. The measure-
ments can be perform by a combination of two-dimensional NMR
techniques such as correlation spectroscopy (COSY) and total cor-
relation spectroscopy (TOCSY) for 'H, which allows assignment of
the TH signals of individual monosaccharide residues. In order to
obtain the complete picture of the glycan structure both 'Hand 13C
NMR spectra should be obtained.

NMR study of glycopeptide-lectin interaction has been demon-
strated on lectin Vicia villosa and a-D-GalNAc glycosylated
B3-peptides [154]. The comparison of differences in binding the
natural a-glycopeptide, Tn antigen and unnatural 33-glycopeptide
by lectin has been shown. The NMR study has indicated that lectin

does not distinguish the glycosylated a- and (B3-peptides. The
approach seems to be capable of identifying which part of the gly-
coform is in contact with lectin and to estimate the interaction
affinity.

Despite of the powerful possibilities of NMR, the application of
this technique for the routine glycan analysis is limited by the high
cost of the equipment and the requirement of the high level exper-
tise in order to interpret the NMR spectra. The other limitations are
attributed to the poor dispersion of signal obtained from the similar
sized molecules and overlapping of resonances, which hampers the
data interpretation. The inter-unit linkages in carbohydrates pro-
vide a conformational flexibility, which also results in broadening
of resonances.

Because of the structural analysis of glycans and glycoconju-
gates is a complicated and challenging task, in order to obtain more
reliable results and to facilitate their interpretation, it is advisable
to combine the isolation of glycans by HPLC or CE with their struc-
tural analysis using several different techniques. For instance, a
combination of such powerful detecting techniques as NMR and
MS for the analysis of the separated glycans has a great potential,
as it strengthens the efficacy of the assay and is capable of giv-
ing the thorough information about the structures of the analysed
carbohydrates.

5.7. Application of quartz crystal microbalance for study of
glycan-specific interactions

Quartz crystal microbalance (QCM) is one of the label-free tech-
niques successfully applied to detect macromolecules (proteins,
polymers), to study surface adsorption and affinity interactions.
This technique is capable of detecting the real-time mass changes
of a quartz crystal by measuring the change of its frequency when
the biospecific binding occurs on the crystal surface [155]. Study
and monitoring the interactions between lectins and different gly-
coforms when one of the partners is fixed on the surface of a quartz
crystal immersed in the solution containing the other partner were
described elsewhere [156-160].

Modern QCM instruments, due to their capability of simul-
taneous measurement both frequency and dissipation changes
(QCM-D), allow obtaining additional insights into the structural
properties and rigidness of the biocomplex formed on the surface of
a quartz crystal [157,159]. The limitation of QCM is that this tech-
nique requires relatively large volumes of the sample due to the
relatively large surface area and working cell volume. Moreover, it
may be difficult to obtain a uniformly functionalised surface when
the surface area increases. In order to obtain the information about
the affinity and binding kinetics, the sample solution must enter
and leave the sensing area with minimum dispersion. This can be
achieved when QCM crystal is integrated with microfluidic system
and the small sample volume is used [161], although, this can not
always be easily implemented.

Surface plasmon resonance described in the next two sections
does not suffer from these limitations and drawbacks. It allows a
label-free real-time detection of small amounts of sample, it can
be easily integrated with microfluidic device and is capable of pro-
viding the information about the kinetics and the affinity of the
biospecific interaction.

6. Surface plasmon resonance: working principle and
approaches

Surface plasmon resonance monitors biospecific interactions,
which occur on a surface of a metal layer between the immobilised
ligand and the free analyte, by measuring changes in resonance
angle due to an increase of the mass concentration of the analyte
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in the vicinity of surface. SPR phenomenon is described elsewhere
[162]. In this section a brief explanation of the SPR phenomenon
and 2 major SPR techniques, flow SPR and SPR imaging, are
given.

When a beam of light with certain angle of incidence (6) prop-
agates from a material with a high refractive index (e.g., glass)
into a material with a low refractive index (e.g., water) the light
is refracted towards the interface. At higher angles of incidence all
the light is reflected inside the medium of higher refractive index,
and total internal reflection occurs. If the surface of the glass is
coated with a thin film of metal, usually gold (Kretschmann config-
uration), this reflection is not total. The part of the reflected light
is transformed to an electric field called evanescent wave, which
passes into the lower refractive index medium (Fig. 2A). The wave
penetrates beyond the reflecting surface to about a few hundreds
nm, interacts with the surface mobile electrons in the metal film
called surface plasmons (Fig. 2A), and decays exponentially with the
distance from the metal surface. The interaction with surface plas-
mons causes their oscillation. This results in energy transfer and
the light no longer being reflected from the surface. At a certain
incidence angle the momentum of the incoming photons matches
the momentum of the surface plasmons, and the electrons “res-
onate”; this gave a name to the phenomenon of surface plasmon
resonance. This certain angle, at which surface plasmon resonance
occurs is called resonant angle. SPRis seen as a dip in the intensity of
the reflected light at a specific angle of reflection (Fig. 2B). When the
chemical composition of the medium near to the gold film changes,
the refractive index in the vicinity of the surface also changes; this
leads to a shift of the reflected angle (Fig. 2A and B, characteristic
shift from angle I to angle II—A#). The signal is recorded by the
optical detector.

The physical principles of SPR are complex and can be described
by the mathematics and quantum physics. Luckily, the detailed
knowledge of the theoretical background of the SPR phenomenon
is not required in order to hold the sufficient operating skills with
modern SPR analysers [163].

Since the first biosensor based on SPR was developed almost two
decades ago, the application of this technique has increased rapidly,
from surface studies to bioanalytical applications [162-164]. SPR-
based instruments use an optical method to measure the refractive
index near a sensor surface (within ~300 nm). Although there are
several SPR-based instruments available, so far Biacore analyser
produced by Biacore AB (Sweden) is the most widely used one
[165].

In a conventional flow SPR performed by the Biacore family
instruments the capturing molecule (ligand) is immobilised on the
flow channel of the microfluidic sensor chip. The free analyte is
injected into the aqueous solution (sample buffer, running buffer)
through this channel, under continuous flow (Fig. 2A). The binding
of the analyte to the immobilised ligand causes accumulation of
the analyte molecules on the sensor surface. The surface plasmon
resonance conditions are influenced by the material accumulated
onto the gold film. Thereby, when adsorption or specific interaction
between the analyte X and the immobilised ligand L, i.e. associa-
tion process, takes place on the sensor surface, this results in an
increase of refractive index in the vicinity of the sensor surface and
in a shift of the resonance angle (Fig. 2C). This change in refractive
index measured in real time and plotted as response in resonance
units (RU) versus time is called a sensorgram (Fig. 2C). For most bio-
logical molecules the shift in the refractive index is proportional to
the mass of the adsorbed (bound) analyte. Dissociation of an ana-
lyte from the formed biocomplex [X-L] leads to a decrease of the
concentration of X in the vicinity of the sensor surface and, as a
result, in a decrease of the SPR response (Fig. 2C) [166].

Biacore family instruments were primarily intended for the
investigation of protein-protein interactions. Nevertheless, it can

be applied for the real-time monitoring of biospecific interactions
between any compounds with relatively high molecular weight
including interactions of glycoproteins and glycolipids with their
receptors.

The SPR imaging (SPRi, “SPR microscopy”) takes the SPR analysis
a step further. SPRi combines the sensitivity of scanning angle SPR
measurements with the capability of providing the spatial imaging
[167].SPRi allows studying simultaneously multiple different inter-
actions on an array of the precisely patterned molecules (Fig. 3). Due
to such design of the sensor chip in SPRi the entire biosensing sur-
face is imaged in real time by collecting the light reflected from the
gold surface, and is visualised by a high resolution CCD camera. High
throughput, sensitivity and obtaining the spatially resolved images
of biointeractions open up great future for the SPRi to be applied
in clinical chemistry and medicine for screening of biomarkers and
therapeutic targets.

7. Application of SPR for the detection of
carbohydrate-containing molecules and study the
carbohydrate-specific bindings

In this section the selected examples of the applications of SPR
techniques like conventional flow SPR and SPR imaging for the
measurement of carbohydrate-specific interactions and analysis of
glycan-containing molecules will be discussed.

7.1. Study the carbohydrate-specific interactions and the
detection of carbohydrate-containing molecules using flow SPR

A study of carbohydrate-lectin bindings and SPR measurement
of serum glycoproteins was carried out using a created lectin panel
and Biacore 3000 analyser [168]. Six lectins with different car-
bohydrate specificity were immobilised on the surfaces of the
four-channel microfluidic sensor chips. Three channels of each
sensor chip contained lectins covalently immobilised on the car-
boxymethyl dextran-based surface using the well-defined standard
amine coupling procedure, and one channel with no immobilisa-
tion was used as a reference. A study of three different lectin-GP
interactions simultaneously at one sample injection was possible.
The lectin panel showed a selective glycan recognition pattern and
was capable of distinguishing the glycoproteins with similar glycan
structure, such as fetuin and asialofetuin. It should be mentioned
that the obtained results are in good agreement with study on a
similar theme using quartz crystal microbalance [157]. Due to the
optimised regeneration conditions the same sensor chip could be
re-used several times without deterioration of the binding affinity
of the immobilised lectins; it reduces the total cost of the analy-
sis. The developed approach allows not only the rapid screening
of serum GPs but is also capable of detecting them with sufficient
sensitivity at the concentration of 0.01 mgmL~1, and of estimating
the affinity binding constants and the rate constants of lectin-GP
interactions.

Foley et al. demonstrated a high resolution differential SPR
method for the detection of carbohydrates in sub-nanomolar con-
centrations and study of carbohydrate-specific bindings under
conditions close to the biological ones [169]. High resolution SPR
measured the difference in SPR signals obtained from the sens-
ing and reference areas. The sensing areas of a chip containing
carboxymethylated dextran were individually modified by cova-
lent immobilisation of anti-PNA, anti-IgG antibodies and BSA. First,
lectin PNA and IgG injected into the flow system were bound by
their specific antibodies. After that, the disaccharides (T-antigen
and lactosamine) were injected and their binding to PNA was mea-
sured. The sensing surface modified with anti-IgG and IgG served
as a reference in order to control the possible non-specific binding.
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Fig. 2. A schematic illustration of SPR phenomenon and the experimental set up for the flow SPR. (A) Incident light (IL) from the light source is directed on the glass prism
coated with thin layer of gold under the angle 6. The part of the reflected light (RL) is transformed to an evanescent wave. The evanescent wave transfers the energy to the
surface plasmons. At certain 6 the momentum of the IL matches the momentum of the surface plasmons, and the SPR occurs. (B) SPR is seen as a dip in the intensity of the
reflected light at a specific angle of reflection. This angle shifts from position I to position Il (by A6), when the chemical composition of aqueous medium near the gold film
changes. (A)+(C) One side of the gold film with the immobilised ligand (L) is integrated with microfluidic flow channel; the analyte X is passing through the channel under
continuous flow. Binding of the free X to the immobilised L (association) leads to a proportional increase in a reflected angle (shift by A8). Dissociation of the biocomplex
[XL] leads to a decrease in a reflected angle. The changes are plotted as a sensorgram (resonance units (RU) vs. time).

In the described approach, the increased sensitivity of the assay can
be achieved due to the subtraction of a non-specific adsorption and
noise.

A lectin-based sandwich-type immunoassay with SPR detec-
tion was developed in order to study the human chrorionic
gonadotropin glycosylation patterns [170]. The aberrant glycosy-
lation of HCG may be used for the diagnosis and monitoring both
the pregnancy complications and certain types of tumors. Thus,
the urine samples taken from the patients with normal pregnancy
and from the ones which have different types of tumor were
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analysed using SPR. Carbohydrate-free antibody fragments cova-
lently immobilised on the surface of the Biacore sensor chip were
used to capture HCG. The samples containing HCG with different
glycosylation patterns and later individual lectins were injected
into the flow system. HCG in the injected urine samples bound
to the immobilised antibodies and remained associated. Lectins
were screened for their ability to bind the carbohydrate moieties
of HCG on the HCG-antibody complex. The tested lectins exhibited
anincreased affinity to the glycosylated HCG at different pregnancy
complications, as it led to an increase of the shift of the resonance
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Digital image from the array

Fig. 3. A schematic illustration of the set-up for the SPR imaging. The molecules of ligand Y are immobilised in an array format on the surface of the gold slide attached to
the glass prism. The incident light (IL) from the light source is directed on the prism. The binding of Y to the analyte ¢ causes the shift of the angle of the reflected light (RL)
from position I to position II. No characteristic shift is observed at the absence of binding. Digital image from the array is recorded by CCD camera.
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frequency. At the same time, the injection of a control sample (taken
from non-pregnant woman) did not result in any increase of the
resonance frequency shift. The obtained results showed that five
out of eight lectins recognised neutral sugars and the other three
discriminated sialic acid. Authors claim that as a biological sam-
ple (serum) contains a myriad of different glycoproteins and other
biomolecules, the simplified approach based only on interaction of
HCG with lectin would not have had an appropriate selectivity. The
described sandwich-type immunoassay with SPR detection based
on the capturing of HCG by the antibody fragment followed by prob-
ing with lectin improves the selectivity of HCG detection. Although
the overall approach definitely may have potential to be established
as a label-free fast screening of biomarkers, more thorough inves-
tigations with increased lectin panel need to be carried out in order
to obtain statistically representative data.

The approach reversed to the ones described above was pro-
posed in [171-173]. In this approach, the polysaccharides (starch,
mannan) [172] or glycopeptides [173] were immobilised on the
surface of the sensor chip and lectins, conversely, were injected
into the flow system followed by SPR measurement of the specific
lectin-glycoform bindings.

The carbohydrate-lectin interaction between a multivalent gly-
codendrimer and ConA was evaluated using SPR technique [171].
The gold sensing surface was functionalised with mannose deriva-
tives and binding to the injected lectin was detected by measuring
the resonance frequency shift. The multivalent glycodendrimers
injected next acted as mannose competitors for the ConA bind-
ing sites. SPR experiments showed that glycodendrimers efficiently
inhibit ConA-mannose interaction and demonstrate higher binding
affinity due to the presence of multivalent binding sites. Further
developments of such assay format may significantly contribute
in understanding of protein-carbohydrate interaction, elucidating
biological pathways and cellular mechanisms and, therefore, may
be helpful in designing new therapeutic agents for human health.

The described “reversed” approach has both advantages and
disadvantages. On the one hand, lectins, while binding to the
immobilised carbohydrates, cause larger shifts of the resonance
frequency due to their high molecular weight (50-170kDa) and
higher mass concentration accumulated on the sensing surface.
Hence, the enhanced sensitivity of the detection can be expected
and achieved. This approach may be applied in clinical studies both
for the screening and quantification of low concentrations of lectins
in physiological samples. On the other hand, carbohydrates lack of
functional groups capable of binding directly to the surface of the
sensor chip. Hence, additional, often time-consuming, modifica-
tion of the sensing surface using linkers (spacers) or derivatization
of carbohydrates is required. It also may be difficult to achieve a
high selectivity of the detection due to the non-specific adsorption
of sample components on the functionalised surfaces. Luckily, the
problem of interferences and unwanted non-specific binding can
be partly solved using a multichannel sensor chip where different
carbohydrates are immobilised on the separated channels and one
channel containing no immobilised ligand is used as a blank. In
addition, it is possible to couple the SPR analyser (Biacore) with
mass spectrometer, which described in the next sub-section. This
will increase both efficiency and versatility of the technique and
will make it possible to resolve the molecular structures of the
analytes in complex mixtures.

The affinity interactions between different peptidoglycans with
the peptydoglycan recognition proteins (PGRP-loe and PGRP-S)
using surface plasmon resonance were studied in real-time mode
[174,175]. PGRPs were immobilised on the surface of the sensor
chip and PpGs were used as analytes. The obtained sensorgrams
were normalised and Ky were calculated. The obtained values of K4
on the level of WM-nM showed rather high binding affinity. This
approach can be used to carry out screening of novel therapeutic

agents (e.g., antibiotics) and has potential to be applied for funda-
mental studies of cellular bioprocesses.

An assessment of the glycolipid-lectin interaction involving
ConA-functionalised surfaces was conducted by means of the SPR
technique [176]. In this assay format the GL micelles were used as
analytes. GL micelles—Con A interactions were found to fitin a biva-
lent analyte model, in which the micelle would bind to two receptor
sites independently. This work showed that SPR technique enables
not only to evaluate the biospecific interactions in a real-time mode
but also to obtain the detailed information about the mechanism
of the interaction such as defining valency, which is difficult with
other analytical techniques (e.g., with affinity chromatography).

Many pathogenic bacteria develop infections after adhering to
host surfaces due to their specific surface structures. Although
several mechanisms of the interaction of bacteria with mammalian
cells and virulence factors have been proposed, there is still no good
understanding of the occasional transition from usually benign
commensal to deadly pathogen. Many of molecules-targets have
been characterised as belonging to the family of proteoglycans.
For better understanding the mechanism of adhesion of bacteria to
the host cell, the interaction between the bacterial glycolipid from
E. faecalis and biotinylated glycosaminoglycans immobilised on a
streptavidin-modified chip was measured by SPR [177]. GLs from
the bacterial culture E. faecalis, first isolated by preparative layer
chromatography, were probed on the functionalysed SPR sensing
surfaces to create the GL-GAG binding patterns. This study has sig-
nificant theoretical and practical potential, since this SPR approach
makes the quick label-free screening of bacterial toxins possible.
Due to its capability of measuring the binding affinity and the
kinetics of the interaction, SPR may be an efficient tool for the devel-
opment and testing of new antibacterial therapeutic compounds.
For instance, in this format a drug can compete with GAGs for the
binding sites of the bacterial GLs, so the assessment of the bind-
ing affinity and kinetics can help in design of new pharmaceuticals
with high antibacterial efficacy. To date, we may hope that inten-
sive research involving SPR will help us to fully understand the
mechanism of interaction between the surface bacterial GLs and the
carbohydrates of the host tissues, which will be a significant step
for the development of new strategies of prevention and treatment
of bacterial infections.

Although, in general, in terms of sensitivity SPR is restricted to
the study of molecules larger than 5 kDa, recent improvements in
SPR instrumentation have enabled detection of small molecules,
such as oligosaccharides and even monosaccharides. First attempt
on glucose (monosaccharide) detection using Biacore analyser was
demonstrated by Hsieh et al. [178]. Authors investigated the affin-
ity of Glc to the glucose/galactose-binding protein (GGBP) and
its various mutants covalently attached to the sensor surface. It
was reported that the GGBP protein has a high affinity to D-
glucose, long term stability, and therefore is suitable to measure
D-glucose at the low concentrations in biological fluids [179,180].
The obtained data have shown that despite on the low molecu-
lar weight of glucose (180Da) its relatively small concentration
of 0.1 mM can be detected with good reproducibility using SPR.
On the one hand, the linear concentration range obtained using
this approach was considerably narrower that the physiological
range of glucose (1-30 mM). Authors considered that the problem
of the narrow concentration range can be solved by modifications
of GGBP, for instance by obtaining new mutants, and optimisa-
tion of the working conditions. On the other hand, the described
approach made it possible to measure the lowest physiological glu-
cose concentrations. This SPR approach can be especially useful for
diagnosis of hypoglycemia (low blood glucose), since the widely
applied electrochemical assay of glucose using enzyme biosensors
may have limited accuracy at low glucose levels [181]. The advan-
tage of the described SPR approach is that, in contrary to the most
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other glucose detecting devices [182,183], no enzymes (glucose
oxidase or glucose dehydrogenase) are needed. At the same time,
glucose oxidase is a commercially available enzyme while GGBP
has to be harvested from the grown bacterial culture, isolated and
further purified purposefully. Furthermore, it is well-known that
enzymatic conversion of glucose by glucose oxidase is a highly spe-
cific reaction, while GGBP used in this work has affinity to both
glucose and galactose. Therefore, galactose may act as a possible
interfering compound, which has to be eliminated or masked. This
additional sample pretreatment step may limit applicability of the
described approach. Last but not least important moment is that
the assay of glucose using commercially available biosensors (test
strips) is incomparably cheaper, faster and more convenient than
the one performed using the expensive and bulky Biacore analyser.

Until recently high-throughput analysis of glycans using the
flow SPR has been challenging, since multiple parallel measure-
ments have not been possible. However, very recent advances
in the instrument developments achieved by Bio-Rad allow the
construction of the SPR analyser capable of measuring up to 36
ligand-analyte interactions simultaneously in a 6 x 6 array format,
and thereby greatly improve throughput of the flow SPR analysis
[184].

7.2. SPRimaging as a tool for the fast screening of glycoconjugates
and monitoring of the carbohydrate-specific bindings

Contrary to the flow SPR, SPRi technique provides sensitive and
fast imaging of tens and even hundreds of biointeractions simulta-
neously within one small-sized array.

Lectin recognition was evaluated by SPR imaging using a model
carbohydrate microarray containing forty 150 wm diameter spots
of biotinylated Man, Gal and GIcNAc derivatives together with neg-
ative control printed onto neutravidin-coated gold chips [185].
Affinity binding data could be obtained with as little as 10-20 p.g
of lectin per experiment. The experiments have shown the abil-
ity to assess the carbohydrate selectivity of proteins without prior
purification. The obtained results of SPR imaging were in agree-
ment with those obtained from fluorescence based carbohydrate
arrays but with the added advantage of label-free analysis.

A study of the interaction between the tumor biomarker mucin
and the immobilised anti-mucin antibodies using home-made SPRi
device was conducted by Fernandez-Gonzalez et al. [186]. The
device allowed the measurement of hundreds of samples at a time
with using a microarray of anti-mucin antibodies immobilised on
the gold surface by covalent binding or physical adsorption. Suc-
cessful discrimination between the samples taken from healthy
and unhealthy patients was achieved. This opens up possibilities
for this approach to be applied for fast and inexpensive screening
of biological samples.

Coupling of microfluidic device with SPRi for study the
lectin-glycoprotein binding on a model system Datura stramonium
agglutinin and asialofetuin was described by Grasso et al. [187].
The presence of several parallel microchannels on the same sens-
ing surface allowed in-line referencing in order to control possible
non-specific binding. Kinetic and affinity parameters of the biospe-
cific interaction were determined; the obtained results confirmed
the suitability of this SPRi device for the real-time kinetic measure-
ments.

An interesting example of the application of SPRi for the dif-
ferentiation of glycoproteins and proteins was demonstrated by
Liu et al. [188]. Glycoproteins ovalbumin (OA) and IgG were used
as model components while proteins lysozyme (LYZ) and bovine
serum albumin (BSA) were used as controls. The biomolecules were
precisely deposited on the thiolised gold dots using a microprint-
ing pin and let covalently bind to the modified surface. Then the
immobilised molecules were allowed to react with 200 nM of lectin

ConA and the produced resonance image signals were recorded by
CCD camera. It was shown that glycoproteins OA and IgG produce
higher signals after interaction with ConA than non-glycoproteins
LYZ and BSA. Moreover, the signal from OA was stronger than the
one obtained after incubation of IgG with ConA. That was explained
by the fact that OA contains more mannose residues which can
specifically bind to more ConA molecules. The small area of the
printed protein spots (100 wm in diameter each, 50 nL) allows to
create the larger proteins array and, therefore, to increase the num-
ber of potential analytes. Concentration of 10 wgmL~! of OA and
IgG can be detected, recognised and differentiated by reaction with
ConA. Minimum measurable sample amount using this approach
was 5 pg. Hence, it has potential to become a tool for both high-
throughput label-free screening and sensitive analysis of GPs. The
described design of the sensor chip allows easy referencing with
negative control in order to check the non-specific adsorption. The
efficiency of this approach was only demonstrated using ConA,
however, expanding the library of lectins allows mapping more gly-
coproteins. The described approach is highly versatile and can be
applied for the determination of not only glycoproteins, for instance
screening the presence of tumor biomarkers, but other glycoforms
as well.

In summary, from the Sections 3-5 and 7 it can be deduced that
conventional instrumental techniques for the characterisation and
quantification of glycans and glycoconjugates like lectin-based and
carbohydrate microarrays, HPLC, CE, MS, flow cytometry, due to
the isolation, enrichment, derivatization and labeling steps, are
often laborious, time-consuming and require trained personnel.
Although AFM and NMR are the label-free techniques, their applica-
bility for the fast screening and routine assays of glycoconjugates is
restricted because of the slow imaging speed (AFM), high cost of the
equipment and the requirement of the high level expertise in order
to interpret the obtained results. Hence, the development of novel
and application of the existing label-free analytical techniques like
quartz crystal microbalance [156-160] and surface plasmon res-
onance [168,178], which are more user-friendly, have promising
future for the analysis of carbohydrate-containing molecules.

Both QCM and SPR are sensitive label-free detection techniques,
which have found numerous applications in biosensors develop-
ment, surface adsorption and bioaffinity studies. Contrary to QCM,
uniform coating of the functionalised SPR surface can be achieved
due to the relatively small working area of the microfluidic sen-
sor chip (in Biacore family instruments) and precise deposition
of the sample on the sensor surface using the robotic microdis-
pensers (in SPRi). In addition, small areas of the microfluidic paths
and small sample volumes used in SPR minimise the dispersion of
the injected sample. That makes SPR a perfect technique for mea-
suring the reaction rate constants, from which K; and K4 can be
deduced. For most biosensor applications or affinity studies, it is
highly desirable to have two detection channels, where one chan-
nel is used for the sample analysis and the other channel is used as a
reference to control the non-specific adsorption. Microfluidic tech-
nology used for the fabrication of the SPR sensor chips enables to
create at the same surface two practically identical channels with
high uniformity and reproducibility. In case of QCM referencing
may be achieved by using 2 separate QCM chips, which is pos-
sible with using, for instance, multichannel QCM-D E4 analyser.
However, this case has several limitations, because for high unifor-
mity, reproducibility and proper referencing the two QCM crystals
must be perfectly identical and the delivery of sample solution to
both sensors must be identical. Although QCM and SPR investiga-
tions involving glycoproteins have reported that, in fact, SPR has no
or small advantage over QCM in terms of sensitivity of the detec-
tion [157,168,189,190], SPR has definite benefits in being better
for kinetic and affinity studies, in consumption less sample vol-
ume for obtaining the response (5 wL min—! injected for 40 s in SPR
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vs. 50 L min~! injected for 2h in QCM) [157,168]), and in faster
response [157,168,190].

The advantages, disadvantages and analytical performances
of selected modern instrumental analytical techniques for the
detection and quantification of glycan-containing molecules are
summarised in Table 3.

7.3. Hyphenation of SPR with other analytical techniques for
unraveling the nature and chemical composition of the
glycan-containing molecules

Although SPR allows the sensitive direct label-free detection of
the carbohydrates and study of biomolecular interactions, it does
not provide any structural data about the interacting species. At
the same time, SPR is non-destructive technique, thereby same
sample after the SPR measurement can be further characterised
by a complementary technique. This provides additional insights
into the chemical and structural composition of the analyte. In
this sub-section a few examples of coupling SPR with conventional
analytical techniques are described.

A tandem technique, which couples the SPR monitoring of the
captured molecules with their HPLC profiling, was developed by
Gallego et al. for the real-time ligand fishing of oligosaccharides
[192]. Mannose or fucose binding lectins were immobilised on the
surface of the carboxymethylated dextran-coated SPR sensor chip.
A mixture of fluorescently labeled N-glycans was injected across
the lectin containing surface at a continuous flow, the biospe-
cific binding was monitored by SPR, and the eluted fraction of the
unbound glycans was collected. After regeneration of the SPR sen-
sor chip the effluents of the surface bound glycans were collected,
lyophilized and profiled on the normal-phase HPLC with fluores-
cence detection. Although the approach may look rather complex
and time-consuming, it has some important and useful advantages.
It can be used both for obtaining the information about the binding
affinity and for characterisation the carbohydrate molecules from
the unknown sample. This approach also allows selecting a glycan
with a particular structure even if it is present as a minor con-
stituent in a given mixture. In addition, this approach may be useful
for the detection and characterisation of unknown carbohydrate-
binding molecules, present at the surface of intact microorganisms.
The detection is highly sensitive, so femtomoles of glycans can be
quantified. At last, it is possible to equip the system with an in-line
coupled mass spectrometer and to obtain the detailed structural
information about the analysed molecules.

Combination of SPR with mass spectrometry offers unique capa-
bilities in terms of not only the quantitative and qualitative analysis
of the sample but also of gaining the exhaustive structural infor-
mation about the tested analyte through the measurement of it
molecular weight and fragmentation patterns [193,194]. In tandem
SPR-MS approach molecules are initially captured from the solu-
tions by ligands covalently immobilised on the SPR sensor surface
followed by their further analysis by MS. Two strategies of inte-
grating the sensor chip with MS instrument are possible. The first
strategy is based on the collection of the analyte eluted from the
recovered (regenerated) SPR sensor chip and directing it into mass
spectrometer [193]. This approach is convenient to use when the
SPR sensor chip is integrated to a flow system (e.g., Biacore family
instruments). At the same time, this approach is time consuming,
the sample losses and contamination may occur between several
washing steps, and the quantitative elution may be difficult in the
case of high-affinity binding.

Another approach is based on MALDI directly performed on
the SPRi chip after capturing the analyte of interest. After the
analyte bound to the sensing surface the SPRi-slide is inserted
directly in an appropriate MALDI-MS plate holder. Finally MALDI

matrix is dropped on each localised spot and mass spectrome-
try measurements are performed. Bellon with co-workers [195]
developed a hyphenated SPR-MALDI technique for the detection
of glycoproteins (3-lactoglobulin and ovalbumin directly from the
biochip modified with covalently attached antibodies. Femtomole
amounts of specifically bound analytes determined by SPR were
sufficient to obtain good quality mass spectra. This strategy has a
number of advantages in contrast to the former approach. First,
the array format of the sensor chip allows carrying out the fast
screening of multiple interactions, in contrast to the conventional
flow SPR, which enables to monitor from one to four interactions
at a time (Biacore). Second, the sensor chip can be easily trans-
ferred to MALDI support, allowing both direct SPR and MALDI-MS
measurement from the same surface, which minimises sample
contamination and sample loss. Third, due to the sensor chip
design spatially resolved SPR and MS measurements can be per-
formed.

Coupling SPR with electrochemistry (EC-SPR) [196,197] mea-
sures changes in the optical properties of an electrode surface or
molecules adsorbed on the electrode. EC-SPR provides additional
insights into various electrochemical phenomena and processes
taking place at the solid-liquid interfaces. Hence, the metallic layer
(gold sensor chip), on the surface of which the biospecific interac-
tion occurs, can be at the same time used as a working electrode
for the electrochemical investigations. In comparison with the
conventional current-based electrochemical techniques, EC-SPR is
particularly attractive for studying heterogeneous electrochemical
reactions occurring on electrode surfaces in a combination with SPR
monitoring of changes in optical properties of the reactions species.

Gondran with co-workers developed EC-SPR for the measure-
ment of lectins specificity [198]. In this work the alternative
approach of rapid modification of the SPR sensing surface and
immobilisation of the biomolecules was shown. Initially, the gold
SPR sensor surface was modified by the in situ electropolymeri-
sation of the pyrrole derivatives of carbohydrates (lactose and
39-sialyllactose) at a constant potential of 0.95V vs. Ag/AgCl
during 40-120s. Then, the specificity of the functionalysed sens-
ing surfaces gold/polyppyrrole-lactosyl (39-sialyllactosyl) towards
lectins PNA and MAA was investigated using SPR. Kinetic
analysis of the SPR data allowed determination of the equilibrium
dissociation constants of the lectin-carbohydrate complexes. The
sufficient detection limits of 41 nM for PNA and 83 nM for MAA
were achieved.

An interesting version of the miniaturised EC-SPR on-chip
biosensor was proposed by Nakamoto et al. [199,200]. The
biosensor consisted of two gold films both integrated into the
PDMS microchannel. One gold surface was modified with anti-
transfferin antibody. Another working surface was functionalised
with osmium-poly-vinylpyridine wired horseradish peroxidase
(Os-gel-HRP) together with tri-enzyme layer containing creatin-
inase, creatinase and sarcosine oxidase. The device was aimed
for the simultaneous detection of both the large (glycoprotein
transferrin, MW 75-80kDa) and the small (creatinine, MW 113)
biomolecules. The transferrin concentration was measured from
the increase of SPR angle due to an immune complex forma-
tion. Creatinine could be detected by measuring, conversely, the
decrease of the SPR angle in the Os-gel-HRP surface caused by
an oxidation state change from Os2* to Os3* due to the enzy-
matic reduction of hydrogen peroxide, a final product of the
series of enzymatic conversion of creatinine. Biosensor could
measure two analytes in human urine within 15 min by one sam-
ple injection (50 wL). The detectable concentration ranges were
0.02-10 pg mL-! and 0.010-10mM for transferrin and creatinine,
respectively, which are to be sufficient for clinical tests. The
significant advantage of the proposed biosensor is the possibil-
ity to simultaneously measure transferrin and creatinine in mild



Table 3

Analytical capabilities of the selected instrumental techniques for the detection and quantification of glycan-containing molecules.

Analytical Analyte Capturing Detectable Time for Format of Sample preparation Labeling Advantages Disadvantages Ref
technique molecule concentration  analysis analysis required
NP-HPLC-MS-MS  N-glycans of blood - 1pg (fM-pM)  Several hours  Indirect Digestion of blood Yes/No No derivatization; Complex sample pretreatment; [88]
serum GPs serum,;
Solid-phase extraction High sensitivity; Lack of suitable software to
of N-glycans; ease the data analysis
Purification; Robustness;
Acid hydrolysis Reproducibility
RP-HPLC-MS N-glycans - 70fM >50h Indirect Release of N-glycans;  Yes High sensitivity; Complex sample pretreatment [97]
Purification High resolution;
Small sample consumption
FACon DC-SIGNR  DC-SIGN, Mono- or 2.5-5nM n/a Indirect Cell expression Yes Simplicity; Difficulties with obtaining the [108]
column, DC-SIGNR, LSECtin  biantennary valency of binding molecules;
fluorescent agalactosylated
detection N-glycans High sensitivity High dependence of K4 on the
applied conditions;
Information about Time-consuming
lectin-glycan affinity can be
obtained
CE Sialyloligosaccharides 9pgmL-! 35min Indirect Extraction Yes/No Simple sample preparation; Difficult to identify glycans [109]
in human milk from unknown sample;
Good resolution; Ionization of glycan is required
High throughput
CE-MS Glycopeptides - 1.8 uM 15 min Indirect Protease digestion; No High sensitivity; Decreased efficiency due to [113]
signal broadening;
Sample enrichment Rapidity; High price of the equipment
Information about the glycan
structure is provided
MS-MS RNAse B - 1M n/a Direct Cleavage of the sample; No Changes in glycosylation can ~ Complex sample pretreatment; [99]
Protease digestion; be distinguished Low reproducibility;
Sample enrichment Difficult to resolve isomers;
High price of the equipment
MALDI-TOF MS N-glycans - 20 pmol n/a Direct Releasing of N-glycans; Yes High sensitivity Difficult to resolve isomers; [115]
Derivatization with High price of the equipment
GT reagent
Flow cytometry Glycoproteins Fluorophore-  0.17aM 2h Indirect Labeling of Yes High selectivity; High price of the equipment [145]
labeled glycoproteins; High sensitivity;
lectins Coupling to
streptavidin-
microspheres
beads
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Table 3 (Continued)

Analytical Analyte Capturing Detectable Time for Format of Sample Labeling Advantages Disadvantages Ref
technique molecule concentration  analysis analysis preparation required
High reproducibility;
High-throughput;
Simplicity;
Minute amount of sample is
required;
Rapidity;
Possible to measure weak
interactions
AFM Glycophorin A Psathyrella nM n/a Direct Centrifugation  No Detects an interaction at single Low imaging speed; [147]
velutina lectin of the blood molecule level;
cells Detects small changes in the Difficult to confirm the valency of
carbohydrate moiety of GP the binding;
Not suitable for routine analyses;
High cost of the equipment
NMR a-D-GalNAc Vicia villosa nM n/a Direct Non No Detects interaction at single Sophisticated equipment is [154]
glycosylated lectin molecule level; needed;
b3-peptides Provides structural Highly-skilled personnel is
information about the analyte  required;
Not suitable for routine analyses;
High cost of the equipment
EI Glucose GGBG 1M 30 min Direct Non No High sensitivity; Ligand is not commercially [191]
available;
Simplicity; Ligand has affinity to other sugar
(galactose)
Rapidity;
Low cost
QCM-D Serum Lectins 50 wgmL-! 3h Direct Non No Provides the information about Difficult to obtain the kinetic data; [157]
glycoproteins rigidness of the biocomplex;
Monitors simultaneously four ~ High price of the equipment
interactions
QCM Bacteria Lectins 103 cells 30min Direct Washing the No Possible to perform bacteria Difficult to obtain the kinetic data  [158]
sample in PBS; typing;
Sample lysis; Simplicity; Low throughput
Centrigugation Rapidity
Resuspension
QCM ConA Mannan 0.5uM 10 min Direct Non No Rapidity; Difficult to obtain the precise [160]
kinetic data;
Simplicity; Non-specific binding may be
significant
Robustness;
Provides Ky values
SPR Serum Lectin 10 pgmL-! 25min Direct Non No Rapidity; High price of the equipment [168]
glycoproteins

High reproducibility;
Possible to monitor
simultaneously several
interactions;

Provides Ky, K, values;
Provides kinetic values

4
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SPR Glucose GGBG 0.1 mM 10 min Direct

SPRi Glycoproteins ConA 5pg ~1h Direct

Non

Non

High reproducibility;
Rapidity

High sensitivity;

Measures multiple interaction
at a time;

Easy referencing

Narrow concentration range;
Ligand is not commercially
available;

Ligand has affinity to other
sugar (galactose)

Not practical for routine
analyses

Long procedure of preparation
of the glycoprotein array

[178]

[188]

Abbreviations of the instrumental techniques (in alphabetical order).

AFM—atomic force microscopy.

CE—capillary electrophoresis.

El—electrochemical impedance.

FAC—frontal affinity chromatography.

MALDI-TOF MS—matrix-assisted laser desorption/ionization time-of-flight mass spectrometry.
MS—mass spectrometry.

NMR—nuclear magnetic resonance.

NP-HPLC—normal phase high-performance liquid chromatography.

QCM—quartz crystal microbalance.

QCM-D—quartz crystal microbalance with dissipation monitoring.
RP-HPLC—reversed-phase high-performance liquid chromatography.

SPR—surface plasmon resonance.

SPRi—surface plasmon resonance imaging.

Abbreviations of the analytes or reagents (in alphabetical order).

2-AB—2-aminobenzamide.

GGBG—glucose/galactose binding protein.

GP—glycoprotein.

GT reagent—carboxymethyl trimethylammonium hydrazide.

DC-SIGN—dendritic cell-specific intracellular adhesion molecule-3-grabbing nonintegrin.

DC-SIGNR—dendritic cell-specific intracellular adhesion molecule-3-grabbing nonintegrin related protein.

LSECtin—liver and lymph node sinusoidal endothelial cell C-type lectin.
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Table 4

Detection of carbohydrates and measuring the carbohydrate-protein binding—a comparison of the conventional analytical techniques with flow SPR and SPR imaging.

Analytical technique/
approach

Advantages

Disadvantages

Comparison with flow SPR
LC with fluorescent detection Glycans are profiled;
Isomers can be resolved;
Highly sensitive detection (~fM)

FAC Simple equipment;
Low cost;
Highly sensitive detection (~pM)

CE-MS Glycans are profiled;

Isomers can be resolved;

Structural information about the separated glycans is

provided;
Highly sensitive detection (~ng)

QCM (QCM-D) Lower cost of the equipment;

Additional information about the structural properties

and rigidness of the biocomplex are provided (in
QCM-D)

Comparison with SPR imaging
ELLA Slightly lower detection limit (~pM)

Carbohydrates microarrays Slightly lower detection limit (~pM)

MS Structural information about the glycans is provided;

Highly sensitive detection

AFM Interaction at single molecule level is possible to record

NMR Structural information about the glycans is provided

Labeling of glycans;
Long retention time prolongs the assay

Labeling of glycans;

Time-consuming;

High sample consumption at low affinity;

Not recommended for low affinity interactions (Kg > 1 mM);
No information about the reaction rate constants

Only charged molecules are separated, restriction to neutral glycans;
Destructive

Not easily integrated with microfluidic system;
Higher sample and reagents consumption;
Harder to achieve uniformity of coating of crystal;
Difficulties with referencing;

Difficult to obtain reaction rate constants

Includes several incubation and washing steps;
Labeling of glycans;
Labeling of lectins with enzyme

Labeling of proteins

Destructive;

lonization of glycans is needed;

Extensive sample preparation is required;

Fractionation of complex glycan mixtures before analysis;
Difficulties with quantification;

Difficulties with reproducibility;

High level of expertise is required to interpret spectra;
Higher cost of the equipment

Low imaging speed;

Not suitable for high-throughput assay;
High level of expertise is required;
Higher cost of the equipment

Relatively insensitive;

Often large amount of sample is required;

Not suitable for high-throughput assay;

High level of expertise is required to interpret spectra;
Higher cost of the equipment

Abbreviations of the instrumental techniques (in alphabetical order).
AFM—atomic force microscopy.

CE-MS—capillary electrophoresis coupled with mass-spectrometric detection.
ELLA—enzyme-linked lectin assay.

FAC—frontal affinity chromatography.

LC—liquid chromatography.

MS—mass spectrometry.

NMR—nuclear magnetic resonance.

QCM—quartz crystal microbalance.

conditions, while the conventional detection of creatinine, using,
for instance, Jaffe method [201] is carried out in alkaline media
and is unfavorable for the proteins. Non-specific adsorption of uri-
nary proteins can be overcome by 5 times dilution of urine sample
before the injection. The rather simple sample preparation like
addition of ascorbate oxidase, uricase, and catalase prior the anal-
ysis helps to minimise the interferences from ascorbic and uric
acids. On the one hand, the original approach, sufficient sensitiv-
ity of the detection, miniaturised design, possibility to renew the
biosensor surfaces after each experiment undoubtedly make this
analytical device a very attractive and promising tool for clinical
analysis. On the other hand, the obtained results have shown that
the biosensor needs further optimisation of the experimental con-
ditions in order to reduce the signal fluctuations and to improve
reproducibility.

The above described attempts of hyphenation of SPR with sepa-
ration and detection analytical techniques clearly indicate the facil-
itated and improved capabilities of surface plasmon resonance, as
these tandem techniques help to unravel the structural features of
the detected molecule and to increase the selectivity of the analysis.

8. Conclusion

The major benefit of SPR in comparison with other modern
analytical techniques is its capability of real-time monitoring the
carbohydrates-protein interactions by measuring the reaction rate
constants and the binding affinity. SPR allows the label-free direct
analysis of intact glycoforms omitting the long sample pretreat-
ment step.
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The developed simple protocols allow functionalisation the SPR
sensing surfaces according to the user-defined task. This makes
SPR a versatile and powerful technique for the quantification of
different glycoforms. Furthermore, the optimisation of the surface
modification together with using the reference sensing surfaces
help to minimise the unwanted non-specific binding and mass-
transfer effect, which appear to be the major problems in SPR
analysis.

Although higher detection sensitivity can be achieved for lager
glycoconjugates, modern SPR analysers allow the quantification of
even such small molecules as monosaccharides.

Coupling SPR with other analytical techniques like liquid
chromatography, mass spectrometry and electrochemistry bring
new insights into glycan analysis. These hyphenated techniques
are capable of providing the detailed structural and behavioral
information about the captured glycan molecules, enhance the
selectivity of the carbohydrate analysis from complex mixtures
by profiling the individual glycans, and simultaneously moni-
tor the optical and electrochemical processes occurring at the
solid-liquid interfaces. The tandem SPR-based analytical tech-
niques and tools offer promising capabilities for measurement,
investigation and monitoring the process of protein glycosyla-
tion. Thereby, the contribution of the hyphenated SRP-based tools
in study of this problem will be very significant for the disease
diagnostics, biomarkers screening and optimisation of therapeutic
efficacy of novel pharmaceuticals.

The comparison of the flow SPR and the SPR imaging with
the selected instrumental analytical techniques in terms of their
advantages and disadvantages in gycan and glycoconjugate assay
is summarised in Table 4.
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