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Abstract Carbohydrate recognition is clearly present
throughout nature, playing a major role in the initial attach-
ment of one biological entity to another. The important
question is whether these prevalent interactions could pro-
vide a real suitable alternative to the use of antibodies or
nucleic acid for detection and identification. Currently,
examples of carbohydrates being employed in biological
detection systems are limited. The challenges of using car-
bohydrate recognition for detection mainly come from the
weak affinity of carbohydrate–protein interactions, the lack
of versatile carbohydrate scaffolds with well-defined struc-
tures, and the less developed high-information-content, real-
time, and label-free assay technology. In this review, we focus
on discussing the characteristics of carbohydrate–protein
interactions in nature and the methods for carbohydrate
immobilization based on surface coupling chemistry in
terms of their general applicability for developing
carbohydrate- and lectin-based label-free sensors. Fur-
thermore, examples of innovative design of multivalent
carbohydrate–protein interactions for sensor applications
are given. We limit our review to show the feasibility

of carbohydrate and lectin as recognition elements for label-
free sensor development in several representative cases to
formulate a flexible platform for their use as recognition
elements for real-world biosensor applications.
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Carbohydrate recognition in biology

Naturally occurring carbohydrates

Carbohydrates are composed of polyhydroxy units known
as monosaccharides, of which some of the more common
monosaccharides are glucose, galactose, mannose, fucose,
sialic acid, N-acetylgalactosamine, and N-acetylglucos-
amine (Fig. 1). These units are joined together via a glyco-
sidic bond between the ‘anomeric’ hydroxyl group of one
monosaccharide and any of the hydroxyl functions of the
second monosaccharide, with loss of a molecule of water.
The number of different possible disaccharides and higher
oligosaccharides is quite phenomenal: more than 10 million
tetrasaccharides can be assembled from just nine monosac-
charides. Carbohydrates in nature represent a very widely
distributed class of biopolymers found in almost all animals
and plants, which occur as monosaccharides, oligosacchar-
ides, polysaccharides, or glycoconjugates [1].

In contrast to proteins in which their sequences are
unique, oligosaccharides and polysaccharides are typically
composed of the same monosaccharide unit repeated over
and over such as in cellulose and starch. Carbohydrates were
considered less information-rich molecules and were once
called “molecules in search of a function” [2]. In the last 20–
30 years, the role of carbohydrates in cellular recognition
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and function has started to be thoroughly recognized and
understood [3–7]. Carbohydrates play key roles in mediat-
ing interactions among cells and between cells and other
elements in the cellular environment, and can operate at cell
surfaces as a dense coating named glycocalyx [8]. In the
glycocalyx, carbohydrates appear mainly conjugated to pro-
teins and lipids resulting in complex carbohydrates such as
glycoproteins [9], glycolipids [10], or proteoglycans [11].
Glycosylation is considered one of the most common post-
translational modifications of proteins which is responsible
for modulating protein functions both on the cellular surfa-
ces and within cells [12]. Alterations in glycosylation pat-
terns have been observed for all types of malignant cells and
cells of many types of diseased tissues when compared with
the normal cells or tissues [13]. In addition, glycosyltrans-
ferases and glycosidases with altered activity levels may
promote alterations in the expression of glycoconjugates in
cancer cells [14]. These alterations can affect interactions
between tumor cell-surface glycans and endogenous lectins,
which may determine the metastatic potential of the tumor
cell [15] and an increased expression of unusual terminal
sequences [16]. These alterations can also result in increased
exposure of terminal galactose residues, such as those found
in the cancer-associated T antigen (Galβ1–3GalNAc) and
the Lewis trisaccharide (Galβ1–4(Fucα1–3)GlcNAc) [15].
Mucins appear to be the major carriers of altered glycosyl-
ation in carcinomas (cancers of epithelial origin) [17]. The
increased size of tumor cell-derived glycopeptides has been
explained by an increase in β1–6 branching of N-glycans,
resulting from increased expression of UDP-GlcNAc:N-
glycan GlcNAc transferase V [17]. In addition, the change in
expression of UDP-GlcNAc:N-glycan GlcNAc transferase V
seems to result from increased transcription of its gene (also

called MGAT5) and can be induced by various mechanisms,
including viral and chemical carcinogenesis [17]. Genetic
alterations allow malignant cells to overexpress growth sig-
nals and become indifferent to the inhibitory effects of tumor
suppressor gene products such as Rb and p53 [13]. In addi-
tion, complex carbohydrates are considered to act as receptors
for complementary binding proteins, typically lectins. They
are a class of proteins of non-immune origin that agglutinate
cells, precipitate complex carbohydrates or polysaccharides,
and their interaction with polysaccharides resembles the anti-
body–antigen and enzyme–substrate reactions. The comple-
mentary binding between carbohydrates on neighboring cells
has been considered either non-specific or non-canonical [18].
Carbohydrate–protein interactions have been implicated in
cell-to-cell interaction, ligand–receptor recognition, blood
group typing, and transport of biological macromolecules,
and to some extent in the immune recognition processes [19]
(Fig. 2). Oligosaccharides present on cell surface contribute to
critical biological processes such as leukocyte–endothelial cell
adhesion [20–22], fatal diseases (congenital disorders of gly-
cosylation [23–25]) caused by a deficiency in the production
of glycosidases, bacterial and viral infection, and biosynthesis
of glycoproteins. Biological researches are active in the
design of synthetic glycoconjugates as tools for the fun-
damental study of glycobiology and as candidates for
future generations of therapeutic and pharmaceutical
reagents. Carbohydrate recognition has become the fore-
front of scientific research.

Characteristics of carbohydrate–protein interactions

Carbohydrate–protein interactions occur through glycopro-
teins, glycolipids, or polysaccharides displayed on cell

Fig. 1 Examples of
carbohydrate structures
recognized by lectins (see
Table 1 for further information)
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surfaces. The carbohydrate-binding proteins are also called
lectins. In contrast to antibodies, lectins are not the products
of the immune system, their structures are diverse, and their
specificity is restricted to binding to carbohydrates. There
are typically three classical lectin families—legume lectins,
C-type lectins, and galectins—as well as other plant lectins,
viral proteins (e.g., influenza hemagglutinin), toxins
(e.g., cholera toxin), anti-carbohydrate antibodies, and
pentraxins. The binding between lectin and monovalent
carbohydrate is typically weak since the lectins general-
ly possess shallow binding pockets that are exposed to
solvents [26–28]. Carbohydrates interact with lectins
through hydrogen bonds, metal coordination, van der
Waals and hydrophobic interactions [29, 30]. Hydrogen
bonds are common in saccharide structures due to the
presence of hydroxyl, amine, and carboxyl groups. The
availability of large numbers of hydroxyl groups on
carbohydrates enables the formation of the complex net-
works of hydrogen bonds in which the hydroxyl group
serves both as a donor and an acceptor to form coop-
erative hydrogen bonds between the corresponding poly-
saccharide amphiphilic surfaces and the protein surfaces
[31]. The lectin and carbohydrate hydrogen bonds are

both direct and water mediated. Divalent cations, such
as Ca2+ and Mn2+, are involved in carbohydrate recog-
nition either indirectly, by shaping the binding site, or
through direct binding of the carbohydrate to Ca2+ as in
the C-type lectins. For example, concanavalin A (Con A), the
lectin of the jack bean (Canavalia ensiformis), is one of the
best characterized lectins. Each Con A monomer (Mr0

26,500) consists of 237 amino acids. In solution, above pH
6.9 Con A is a tetramer; below pH 5.9 it is a dimer. The lectin
possesses a transition metal ion binding site S1 (typically
Mn2+), a Ca2+ binding site S2, and a saccharide binding site
[32]. Both metal ions stabilize the molecular conformation
and therefore they are necessary for carbohydrate binding
[33]. Specific interactions of Con A with α-D-mannose and
α-D-glucose are favored. Besides the hydrophilic character of
carbohydrates, hydrophobic interactions play a major role in
carbohydrate recognition by lectins. For example, the interac-
tion between aromatic residues and galactose (Gal) in the
combining sites of Gal-specific lectins was attributed to an
interaction between an extended patch of partially charged
aliphatic protons on the B factor of the hexose ring and the
partial negative charge on the π electrons of the aromatic
system.

Fig. 2 Multivalent protein–carbohydrate interactions at the cell sur-
face (left) and development of a biosensor using carbohydrates (right).
A biosensor consists of a bioreceptor for specific detection of the

respective analyte in spatial contact with a transducer for converting
the signal into an electrically manageable format and a signal process-
ing unit
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The studies of protein–carbohydrate or lectin–carbohy-
drate interactions have been challenged by the complexity
and heterogeneity of cell surfaces, the inherent structure
complexity of carbohydrates, and the typical weak affinities
of the binding. Carbohydrate–protein interactions are much
weaker than protein–protein interactions, by about a factor
of 102–103 from typical antibody equilibrium dissociation
constant (KD). The KD value of lectin binding with a simple
monosaccharide is approximately 1 mM [34]. However, in
biological context, this limitation has been overcome by
multivalent interactions, i.e., simultaneous contacts between
the clustered carbohydrates on cell surfaces and protein
receptors that contain multiple carbohydrate recognition
domains [35]. The interaction between lectin and carbohy-
drate is not a simple monomeric binding event, but an oligo-
or polymeric binding mechanism [36, 37]. Lectins often
have more than one carbohydrate binding site, and it has
been shown that the occurrence of two simultaneous binding
events can increase the avidity of interaction by more than
100-fold [36, 38, 39], and even as high as 10,000-fold [40].
For example, interaction of the ganglioside GM1 with chol-
era toxin has been investigated thoroughly, and has been
reported to have a KD from approximately 1 nM [41] to as
low as 1 pM [42], depending on the experimental setup.
This level of affinity is very similar to, if not higher than,
that of a typical antibody interaction. The true affinity is
probably about 1 nM, a value derived from an experiment
using a liposome antibody capture method [41]. The lower
KD value, however, was derived from an experiment utiliz-
ing an immobilized lipid bilayer, in which hydrophobic
interactions most likely stabilized complex formation [43].
The affinity of the self-interaction of a synthetic disaccha-
ride, based on the aggregation factor from the marine
sponge Microciona prolifera, is another carbohydrate event
to have been significantly enhanced by creating a multiva-
lent binding system [44]. The overall avidity of self-
recognition of a neoglycoconjugate of the disaccharide had
a KD∼10 μM, as opposed to the monomeric interaction

which was too weak to be measured. The interaction be-
tween charged a mono- or oligosaccharide and lectin is
inclined to have a slightly higher affinity: the affinity of
sialic acid for the lectin from Sambucus nigra has a KD of
approximately 1 μM [45]. The charged polysaccharides
heparin and heparan sulfate interact with a number of pro-
teins, with high affinities [46–48]. Lipoprotein lipase binds
to heparan sulfate with a KD∼100 pM [46], human acidic
fibroblast growth factor binds to heparin with a KD∼50 nM
[47], and protease nexin-1 binds to heparin with a KD∼
20 nM [48]. The multivalency of lectin–carbohydrate bind-
ing has been shown, as predicted, to significantly increase
the observed KD values towards 1 nM [38, 40]. Hence,
lectin–carbohydrate interactions can be on a par with those
of antibodies. Overall it can be concluded that with the
incorporation of high densities of carbohydrate on the cell
surface, the multivalent contact points (hydrogen bonds, van
der Waals’ interactions, and hydrophobic stacking) between
the carbohydrates and the proteins can result in the so-called
glycoside cluster effect, which led to almost a logarithmic
enhancement of the binding potencies [49] (Fig. 3).

Sensors using carbohydrates

Antibodies and DNA are the most used recognition ele-
ments in biosensor developments. But antibodies may be
unstable and prone to denaturation so they cannot be used in
extreme environments such as acidic, basic, in organic sol-
vent, or at high temperature or pressure. Similar problems
exist in the nucleic acid assays which are often lengthy and
require several purification steps. One possible alternative
principle is to explore carbohydrate–protein recognition as
an alternative detection and identification principle. As op-
posed to antibody/nucleic acid detection, carbohydrate–protein
recognition could enable identification of unexpected or even
novel agents, by using very few carefully chosen carbohydrate
epitopes, since carbohydrates are recognized as possessing

Fig. 3 Multivalent contact
points between carbohydrate
and protein
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broad interaction specificity. The desired fingerprinting of a
high number of agents with relatively few carbohydrate epito-
pes could therefore be a real possibility. The ability to coat an
assortment of carbohydrates onto a sensor surface could lead to
the development of microarray carbohydrate-recognition-
based biosensors. In addition, carbohydrates are more stable
and smaller than an antibody/nucleic acid, and they can neither
be denatured easily nor lose their activity; moreover, small
oligosaccharides can achieve higher ligand densities and
consequently higher sensitivity of carbohydrate biosensors.
Numerous techniques have been applied to investigate carbo-
hydrate–protein interactions, such as isothermal titration calo-
rimetry (ITC) [50, 51], surface plasmon resonance (SPR) [52],
capillary electrophoresis (CE) [53], nuclear magnetic reso-
nance (NMR) [54], quartz crystal microbalance (QCM) [55],
fluorescence spectroscopy [56], and atomic force microscopy
(AFM) [57, 58]. Since carbohydrates do not absorb light very
well, fluorescence labeling of the carbohydrates or proteins is
often used to evaluate carbohydrate–protein interaction via
optical methods [18]. However, fluorescence labeling of the
carbohydrates or proteins requires additional steps. The pres-
ence of the labels themselves may introduce additional inter-
ferences to the “true” binding process. This motivates the
development of biosensors, especially label-free biosensors
such as SPR and QCM, for studying carbohydrate–protein
interactions.

Table 1 summarizes some examples of biosensors using
carbohydrate recognition elements. Most carbohydrate bio-
sensors, especially label-free biosensors, require the immo-
bilization of the carbohydrate recognition elements on solid
surfaces such as polymer [59], glass [60], gold [61], nano-
particles (NPs), or quantum dots [62]. The immobilization
of the carbohydrate receptors at the surfaces of the biosensor
has been achieved through three main approaches: (i) phys-
isorption, (ii) covalent immobilization, (iii) bioaffinity-based
interaction. Physisorption [63] of carbohydrate receptors is a
convenient technique and it relies on the weak interactions
between carbohydrate and the surface. Nitrocellular and poly-
styrene are mainly used as the substrates. In order to increase
the interaction, monosaccharides or oligosaccharides are

modified with an anchoring tail such as a lipid [64] or polymer
[59]. The covalent immobilization of the carbohydrates has
been achieved by reacting carbohydrates with unfunctional-
ized or functionalized surfaces, in which either unmodified
carbohydrates or functionalized carbohydrates are used. Re-
ductive amination is the top choice for immobilization of
underivatized carbohydrates, in which the reaction of the
reducing end of the carbohydrate with a hydrazine [65] or
oxime [66] on the surface is followed by the reduction of the
Schiff base formed by reductive reagents such as hydrides.
The immobilization of unmodified saccharides is advanta-
geous for complex carbohydrates from nature sources. How-
ever, the main drawback is that it leads to the opening of the
reducing-end sugar ring that might be crucial for reorganiza-
tion as a receptor or to maintain the sugar structure.

Surface functionalizations with desired functional group
such as carboxylic acid, thiol, or maleimides for covalent
immobilization of carbohydrates with functional aglycons
have been widely used. Among them, amine reacting with
either carboxylic acid [59], aldehyde [73], or epoxy groups
[65], and thiol reactivity towards the maleimide group [74]
via Michael addition reaction have been demonstrated. In
addition, cycloaddition reaction such as Diels–Alder addi-
tion [75], Cu(I)-catalyzed 1,3-dipolar cycloaddition known
as click chemistry [76], and Staudinger ligation [77] have
been developed for carbohydrate receptor immobilization.
All these methods have advantages such as that they can be
conducted with chemical selectivity and in aqueous mild
conditions, which is very important for complex carbohy-
drates immobilization. Chevolot’s group [78] has derived
carbohydrates with a photoactivatable aryl-diazirine, which
can be converted to a reactive carbine upon photoirradiation
at 350 nm and reacts with the substrate. The advantage of
the photochemistry method is the versatility of the reaction
with respect to the substrate and the possibility of using
photolithography for obtaining specific patterns of carbohy-
drate receptors on the surface. Finally, bioaffinity-based
immobilizations have also been employed for carbohydrate
immobilization. Among them, streptavidin–biotin interac-
tion [79] has been mostly used, in which biotinylated

Table 1 Representative biosensors based on carbohydrates

Types of carbohydrates
as recognition element

Analytes Transducer Sensing mechanisms Refs.

Mannose Escherichia coli W1485 Piezoelectric Carbohydrate–protein interaction [67]

Dextran sulfate
and fucoidan

Hepatocyte growth
factor/scatter factor (HGF/SF)

Mass-sensitive Specific binding of HGF to sulfated polysaccharides [68]

Sialic acids Alzheimer’s amyloid-beta (Aβ) Electrochemical Saccharide–protein interactions [69]

Alginate Mucosal pathogenic bacteria Optical Carbohydrates as receptors for pathogenic bacteria [70]

Mannose Escherichia coli ORN178 Piezoelectric Carbohydrates as receptors for pathogenic bacteria [71]

Gangliosides (GD3,
GM1, and GM2)

Antibodies, antibody fragments,
or binding partners

Optical Interaction between gangliosides and antibodies and
antibody fragments or other binding partners

[72]
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glycosides were immobilized onto streptavidin-coated sur-
face. In addition, DNA hybridization for surface immobili-
zation of carbohydrate was also reported [80].

Sugar self-assembled monolayers for studying
protein–carbohydrate interactions

The high sensitivity and selectivity of a carbohydrate biosen-
sor often depend on the immobilized carbohydrate structure.
The density and orientation of carbohydrates on the surface
can often determine the physicochemical properties of the
carbohydrate recognition elements. The immobilization of
carbohydrates derivatized with functional aglycons has been
the major approach in carbohydrate-based biosensor fabrica-
tion, especially the carbohydrate self-assembled monolayer
(SAM) (Fig. 4). A SAM is formed by the spontaneous asso-
ciation of molecules under equilibrium conditions that yields a
stable, structurally well-defined two-dimensional aggregate.
SAM technology reduces the variation of the ligand immobi-
lization, a critical factor for array development. SAMs offer
extensive control over carbohydrate presenting pattern, den-
sity, and orientation, which is beneficial to elicit a clear struc-
ture–activity relationship of multivalent interactions [81, 82].
SAMs are also inherently manufacturable. More importantly,
SAMs are very useful in surface-based, real-time, label-free
analysis methods such as SPR and QCM.

Two main strategies have been developed in our labora-
tory for carbohydrate SAM formation. One uses an aglycon
bearing a function that can react directly with the surface
(gold in particular), such as thiolated or disulfide aglycons
(Fig. 5a). The thiol functions have strong affinity for noble
metals such as gold, silver, copper, etc. As shown in Fig. 5a,
an α-Gal trisaccharide was tailored with a thiol linker,
which facilitates the formation of SAMs on the gold surface.
The binding between α-Gal trisaccharide and anti-Gal anti-
body was thoroughly characterized. Many other groups
have taken advantages of this direct immobilization of
thiol- or disulfide-containing biomolecules. The second
strategy uses an aglycon bearing a function that reacts with
a chemically functionalized surface (Fig. 5b) such as the
preformed functionalized SAMs [83, 84]. Several interphase

reactions have been identified for anchoring sugar units,
including Diels–Alder reaction [75], thiol addition to acti-
vated maleimide [85], and disulfide exchange [86]. We
demonstrated that the Cu(I)-catalyzed Huisgen 1,3-dipolar
cycloaddition reaction can be used for anchoring azido-
sugars onto preformed SAM templates incorporated with
alkyne terminal groups [87]. Azidosugars are readily acces-
sible and have been used extensively in understanding cel-
lular processes through chemoselective ligation reaction
between an azide and a functionalized phosphine, termed
the Staudinger ligation by Bertozzi and others [88]. This
reaction can take place in aqueous medium and also toler-
ates a variety of conditions and functionalities. It occurs
quantitatively with high fidelity. The mannose, lactose, and
α-Gal trisaccharide SAMs were fabricated using the above
methods and the so-formed sugar SAMs were characterized
for their specific carbohydrate–protein interactions (i.e.,
mannose–Con A; lectin from Erythrina cristagelli (ECL)–
lactose; α-Gal–anti-Gal). This strategy needs much less
synthetic effort compared with making carbohydrate thio-
lates and promises to be an alternative method for rapid and
flexible construction of arrays of carbohydrate SAMs for
elucidating carbohydrate functions in biological systems
[89, 90].

Recent studies showed that protein activities are highly
dependent on the ligand density on the SAM surface [91,
92]. In general, fine tuning of ligand density could be
accomplished by changing the ratio of functionalized thiol
and dilute thiol. For chemical transformation on surfaces,
the surface reactivity is a key factor that impacts the presen-
tation of the sugar, as the reaction on the surface may not act
as well as its solution-phase counterpart [83]. Diminished
reactivity has been observed due to partially blocked access
of an external reagent to the monolayer-embedded reaction
center [84, 93]. Since carbohydrates are generally much
smaller than proteins, in most cases, the sugar density as
low as 1% suffices optimal binding with protein in the
ordered environment. In addition, several reports have de-
scribed acceleration of reaction on SAMs and enhanced
reactivity could be achieved with enforced juxtaposition of
the reactive surface functional groups or the favorable

Fig. 4 Covalent
immobilization of carbohydrate
receptors on biosensor surfaces:
reacting carbohydrates with
unfunctionalized (a) and
functionalized (b) surface
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orientation of the reactive group [94–96]. Surface inertness
to non-specific adsorption is another important issue for the
study of carbohydrate–protein interaction, as proteins easily
adsorb to most man-made materials non-specifically, which
will greatly interfere with the specific recognition process.
By tethering an oligo ethylene glycol (OEG) unit to the
SAM, it could effectively prevent the non-specific adsorp-
tion, and these inert SAM surfaces are now the most used
approach for the fabrication of carbohydrate-based biosen-
sors [97–99].

Immobilized glycopolymers for studying
carbohydrate–protein interactions

Glycopolymers have been shown to enhance the multivalent
carbohydrate–protein interactions [100, 101]. Alkanethiol-
containing glycopolymers and cross-linked surface-grafted
glycopolymer (Fig. 5) have been reported to mimic the
biological multivalent interaction of carbohydrate–protein
recognition on surface. As shown in Fig. 6a, in the first
example, glycopolymers containing mannose and alkane-
thiol linker were synthesized through substituting preacti-
vated poly[N-(acryloyloxy)succinimide] (pNAS) with
amine-containing monomer. This thiol functional glycopol-
ymer allows it to be chemically adsorbed onto gold surfaces.
The ratio of mannose unit and alkanethiol unit to acrylamide
can be optimized to generate a multivalent binding cavity. In
the second example, cross-linked glycopolymer was directly
synthesized on the gold surface. An α-linked mannose-
conjugated acrylamide monomer was synthesized by free
radical polymerization with acrylamide, a cross-linker, and a
surface linker directly on the gold surface. The surface

linker, with an active carbon–carbon double bond, was
pre-immobilized on the gold surface by the thiol anchor.
Thus, a cross-linked mannose-conjugated polymer thin layer
was grafted onto a gold surface (Fig. 6b). The use of cross-
linked polymer decreased the flexibility of the polymer
backbone between the carbohydrate binding sites. There-
fore, the cost of conformational entropy for multivalent
binding was minimized. Additional size selectivity could
be obtained by controlling the amount of the cross-linking
reagent used. The glycopolymer made has shown substan-
tially minimized possible cross-reactivity and significantly
enhanced specificity and sensitivity of detection through
both the specific multivalent carbohydrate–target interac-
tions and the size and shape of the cross-linked cavity.

Lectin-based biosensors for detecting carbohydrates

It is well known that carbohydrates are poorly immunogenic
and elicit the production of weakly binding antibodies. As a
consequence, anti-carbohydrate polyclonal or monoclonal
antibodies typically have poor affinity even though mono-
clonal antibody was used to build an immunosensor for the
detection of panose (Glcα1–6Glcα1–4Glc), and maltose
(Glcα1–4Glc) with a sensitivity in the range of 1–5 μM
[102]. Lectins bind to cell surfaces through specific
carbohydrate-containing receptor sites [103]. Given the high
specificity of lectins, they have been explored as new bio-
receptors for biosensor applications in the analysis of their
cognate carbohydrates and glycoproteins. Common lectin-
immobilization techniques range from non-covalent attach-
ments to covalent immobilization onto a vast palette of

Fig. 5 Carbohydrate SAMs for studying protein–carbohydrate interactions

Carbohydrate–protein interactions and biosensing applications 3167



substrates. An example of a non-covalent immobilization
was achieved by reversible attachment of Con A to poly-
myxin B surface via hydrophobic interactions [104]. Spe-
cifically, polymyxin B was first covalently immobilized by
its primary amine groups to an SPR sensor plate, which
allowed Con A to be adsorbed by strong hydrophobic
forces. In addition, the immobilization of lectins, such as
Con A, on gold NPs is generally ascribed to electrostatic
interactions. In order to optimize the immobilization process,
Oliveira et al. successfully used polyvinyl butyral (PVB) and
gold NPs in the development of an immunosensor [105].
According to the authors, PVB entraps the protein–NP aggre-
gate on the electrode surface. Similarly, this group reported a
biosensor based on Fe3O4 NPs and CramoLL lectin as an
electrochemical dengue serotypes biosensor [106]. In addi-
tion, Xi et al. reported an impedimetric biosensor fabricated by
simply and reproducibly self-assembling a lectin monolayer
on the polyelectrolyte modified electrode through electrostatic
interactions [107].

An example of covalent immobilization of a lectin was
achieved by flow-injection assay of the pathogenic enterobac-
teria using a lectin-based QCM biosensor [108]. The biosens-
ing part of the analytical device contained the lectins—Con A,
lectins from Ulex europeus,Maackia amurensis, Lens culina-
ris, wheat germ agglutinin—immobilized on the gold surface
of a quartz crystal electrode. The immobilization of lectins

was carried out using amine coupling on the surface of the Au
crystal modified with 11-mercaptoundecanoic acid (Fig. 7).

The carbohydrate binding lectins in many bacteria are
usually in the form of fimbriae (or pili). For example, E. coli
carries type 1 fimbriae, which is specific for mannose bind-
ing. The pili typically have a diameter of 3–7 nm and can
extend 100–200 nm in length [109]. The bulk of the fimbrial
filament is made up of polymers of the major subunit. Only
one of the subunits, usually a minor component of the
fimbriae, possesses a carbohydrate combining site and is
responsible for the binding activity and sugar specificity of
the fimbriae. For example, in type 1 fimbriae, which are
made up of hundreds of subunits of four different kinds, the
subunit (MW 29–31 kDa) is present in small numbers at
intervals along the fimbrial filament and at the distal tip.
However, only these subunits appear to be able to mediate
mannose-sensitive adhesive interactions, whereas the
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subunits at the other positions are inaccessible to the ligand
[109]. Consequently, binding is generally of low affinity and
not rigid. But in the cell–cell interaction, the adhesions and
the receptors often cluster in the plane of the membrane, and
the resulting strength of the interaction can be quite strong.

Lectins are oligomeric with several sugar binding sites
and the bacterial cell surface has abundant expression of
carbohydrate structures. Thus, we have developed a carbo-
hydrate–lectin sensor based on conjugation of a lectin to
both bacterial cell surface lipopolysaccharides and a carbo-
hydrate sensing element immobilized on the Au transducer
surface [67] (Fig. 8). In this approach, we combined syner-
gistically a lectin’s dual carbohydrate binding activity and
explored the unique characteristics of surface-sensitive
label-free biophysical methods that allow sensitive measure-
ment of cell surface carbohydrate–protein interaction for
bacterial detection (Fig. 8). The major bacterial cell wall
component in all gram-negative bacteria families consists of
a class of glycoconjugates called lipopolysaccharides (LPS).
The LPS fraction comprises about 10–15% of the total

molecules in the outer membrane and is estimated to occupy
about 75% of bacterial surface area [110]. LPS consists of a
hydrophobic domain known as lipid A anchored in the
membrane, a polysaccharide (O-antigen) made of repetitive
subunits of one to eight sugars and a “core” oligosaccharide
at the junction between the two other regions [111]. The O-
antigens, being at the outermost cell surface, are at the
interface between the bacterium and its environment, and
are important virulence factors and antigens for many path-
ogenic bacteria [112]. Many bacteria are subclassified by the
O-antigen on their surface [113]. Therefore, LPS O-antigens
are unique to specific bacterial strains (i.e., subspecies) and
provide the selective specificity needed for the bacterial
detection. As shown in Fig. 9a, the carbohydrate–lectin
sensor (i.e., Con A–LPS recognition and Con A–mannose
recognition) demonstrated much higher sensitivity for E.
coli W1485 binding likely due to the significantly enhanced
binding rigidity. By using an immobilized carbohydrate that
binds with the lectin Con A to facilitate Con A binding with
bacterial cell surface LPS, the authors observed a greater

Fig. 8 Schematic of three
biointerface binding events: a
carbohydate-lectin-LPS, b
carbohydate-protein (in the pili),
c lectin-LPS binding
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than 104-fold increase in binding sensitivity for binding with
E. coli when compared with either a lectin or a carbohydrate
QCM sensor. The linear range is 7.5×102 to 7.5×107 cells/
mL, which is four decades larger than that of the mannose-
alone sensor (i.e., 2.9×107–2.7×108 cells/mL without Con
A). The simultaneously determined changes of damping resis-
tances for E. coli adhesion experiments were no more than
1.4%. This suggests that the bacterial attachment was rigid,
rather than a viscoelastic behavior. Figure 9 also demonstrated
that QCM is extremely surface sensitive and can differentiate
strong, weak, and non-binding between bacteria and immobi-
lized receptors on the sensor surface (Fig. 8). Little non-
specific binding was observed for Staphylococcus aureus
and other proteins (fetal bovine serum (FBS) and ECL). The
significant increase in the sensitivity and specificity of
bacterial detection was owing to two factors: the oriented
immobilization of Con A enables high affinity binding
with LPS O-antigen and the dual carbohydrate–lectin–
carbohydrate recognition increase the specificity of the
detection.

Table 2 summarizes several examples of the lectin-based
biosensors for clinical diagnostic of cancer [107] as well as
bacterial and viral infection [114]. Lectin arrays for profiling
cell surface carbohydrate expression using Con A, wheat
germ agglutinin (WGA), Ulex europaeus agglutinin I
(UEA), Ricinus communis agglutinin (RCA), Griffonia
simplificolia lectin II, and Sambucus nigra agglutinin
(SNA) deposited on gold chips [115] were developed and
used to analyze cell surface carbohydrate expression via
fluorescence. The lectin arrays were used to profile BHK-
21, which is a fibroblast cell line derived from baby hamster
kidney, and Caco-2, an adenocarcinoma cell line derived
from human colon, surface carbohydrate expression. BHK-
21 cells and Caco-2 cells showed distinct binding patterns to
the lectin arrays. These results showed that the expression
levels of fucose and sialic acid on BHK-21 cells are much
lower than the levels found on the Caco-2 cells. Unfortu-
nately similar to many protein arrays, lectin arrays suffer
some loss of binding activity in the coupling of lectin to the
arrays [116–119]. The large sizes of lectins also increase

Table 2 Biosensors based on lectins

Lectins Biological sensing element Physical transducer Sensing mechanisms Refs.

Con A Dengue fever and dengue hemorrhagic fever Electrochemical Carbohydrate–lectin interaction [105]

Cratylia mollis lectin Detection of dengue virus serotypes Electrochemical Carbohydrate–lectin interaction [106]

Con A Mannose and sialic acid expression on normal
and cancer cells derived from human lung,
liver, and prostate

Electrochemical Lectin-based biosensor with the
bioconjugates featuring lectin and
thionine labels linked to gold NPs
for signal amplification

[114]
SNA

Con A Carbohydrates of gram-negative bacteria,
gram-positive bacteria, fungus, and human
cervical cancer cells

Electrochemical Carbohydrate–lectin interaction [107]
RCA

Con A Pathogenic enterobacteria, such as C. jejuni,
Helicobacter pylori

Piezoelectric Specific cell agglutination [108]
UEA

M. amurensis lectin
(MAL)

L. culinaris agglutinin

WGA

Aleuria aurantia
agglutinin

Hyperglycosylated human chorionic
gonadotropin produced by malignant
gestational trophoblastic neoplasias and
male germ cell tumors

Optical Lectins recognizing carbohydrates [121]

Galanthus nivalis
agglutinin

Phaseolus vulgaris
erythroagglutinin

Pisum sativum
agglutinin

RCA

MAL

SNA

WGA

WGA C. jejuni strains Piezoelectric Lectins recognizing carbohydrates [120]
MAL

L. culinaris agglutinin

Con A
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their susceptibility to proteases and encounter non-specific
binding. Using the amine coupling chemistry as shown
in Fig. 7, Yakovleva et al. reported seven Campylobac-
ter jejuni strains typed by a lectin biosensor system
[120]. The sensor system was based on a QCM with
four commercially available lectins (wheat germ agglu-
tinin, M. amurensis lectin, L. culinaris agglutinin, and
Con A), which were chosen for their differing carbohy-
drate specificities. The gold surfaces of the quartz crys-
tals were modified with 11-mercaptoundecanoic acid
followed by lectin immobilization using a conventional
amine coupling technique.

Sensors using synthetic materials to detect
carbohydrates or lectins

Since most lectins are isolated from natural sources, which
can introduce some variability in their binding affinities
dependent on purification. Some lectins can also be cross-
specific, binding multiple glycan structures. Furthermore,
lectin-based systems lack stability and have short lifetimes,
thus requiring replenishment due to their intrinsic protein
nature. Alternatively, several molecular architectures have
been employed in the development of lectin-like carbohy-
drate receptors during the past decade or so. Early
approaches based on non-covalent interactions were devel-
oped through supramolecular chemistry [122]. Sugimoto
and co-workers identified peptidic sugar receptors that mim-
ic the non-covalent binding properties of lectins by use of a
combinatorial method [123]. The peptide sequence with the
greatest affinity displayed aKa of 3.5×10

5M–1 for D-erythrose
binding in aqueous media. Recently, Davis and co-workers

reported tricyclic polyamide-based cage-liked receptors that
recognize simple sugars [124]. On the other hand, boronic
acid-containing compounds have been widely explored as
covalent interaction-based carbohydrate receptors [125]. The
broad interest in boronic acid-containing receptors results
from the relatively low mammalian toxicity shown by boronic
acids and their unique interactions with diols: they form cyclic
esters with diols in water much more readily than many other
acids.

During the past decade, boronic acids have been exten-
sively investigated for use in glucose sensors [126], mem-
brane transport agents [127], cell surface recognition and
imaging [128], and protective agents and catalysts in syn-
thesis [129]. Multivalent boronic acid-based carbohydrate
binders such as boronic acid-containing polymers have been
developed as molecular scaffolds with multiple binding sites
to access a variety of substrate selectivity and affinity [130].
We have designed an O-cyanate chain-end functionalized
boronic acid-containing polymer to facilitate the orient-
ed immobilization of the polymer which provides a
three-dimensional expression of a carbohydrate receptor
(Fig. 10). Briefly, a boronic acid-containing polymer
(boropolymer) acting as a multivalent carbohydrate receptor
was oriented and immobilized on the cysteamine-coated elec-
trode through isourea bond formation. Carbohydrates were
conjugated to AuNPs to generate a multivalent carbohydrate
moiety to amplify the response signal. Thus, the binding of the
carbohydrate-conjugated AuNPs to the boropolymer surface
is multivalent which could simultaneously increase the bind-
ing affinity and specificity. We systematically studied the
binding between five carbohydrate-conjugated AuNPs and
the boropolymer as shown in Fig. 11. The association constant
(Ka) of binding of the carbohydrate-conjugated AuNPs and
the boropolymer was in the order of fucose < glucose <
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mannose < galactose < maltose. The linear range of the
boronic polymer’s detection of mannose-conjugated AuNPs
is 23 μM to 3.825 mMwith a lower detection limit of 1.5 μM
for the carbohydrate analytes. Another benefit of the multiva-
lent binding between carbohydrates and boronic acids is that it
is reversible and allows the regeneration of boropolymer
surface using 1 M acetic acid, i.e., sequentially capturing
and releasing the carbohydrate analytes. Even though the
interactions between boronic acids and the carbohydrates are
only partially selective, pattern recognition can be used to
improve the selectivity for boronic acid recognition element-
based carbohydrate biosensors.

Concluding remarks

The modern analytical techniques and synthetic advances in
the past decade or so have enabled the understanding of the
lectins and glycoconjugates’ interactions and their roles in
biology (e.g., cell signaling, cell adhesion, fertilization, pro-
liferation, viral/bacterial infection, apoptosis, and the im-
mune response). The carbohydrates’ hydroxyl functional
groups that are present at almost every carbon atom are
ideally suited to form bridges to the side chains of all
charged or hydrophilic amino acids. However, carbohy-
drate–protein interactions are typically weaker than pro-
tein–protein interactions since carbohydrates have fairly
rigid structure and are mostly only capable of forming
hydrogen bonds and hydrophobic interactions. Strong ionic
interactions are typically not present in carbohydrates
except uronic acids, sialic acids, carbohydrate sulfates
or phosphates, ketodeoxynonulosonic acids and 3-
deoxyoctulosonic acid in the bacterial endotoxins.

Nature uses multivalency to overcome the weak affinity
of carbohydrate–protein interaction. Carbohydrate-
binding proteins (i.e., lectins) are always multivalent
and they bind with multiple oligosaccharide epitopes
(the smallest structural element that fills the proteins’
binding site). Knowing the nature of carbohydrate–protein
interaction, it seems natural to use carbohydrate or lectin
structures as receptor elements in biosensor development.
However, it is commonly accepted that carbohydrate–protein
recognition has low specificity and many other endogenous
and exogenous proteins could recognize the carbohydrate
ligands and false positive results could be obtained.

In this review, we have shown that carbohydrate SAMs
or carbohydrate recognition lectins that combined with an
additional binding event, such as a hydrophobic or even a
second carbohydrate-mediated interaction, can render affin-
ity similar to or better than that of an antibody interaction.
Thus, sensors and sensor arrays using carbohydrate–lectin
interactions are able to offer wide flexibility in designing
novel carbohydrate-based and carbohydrate-targeted biosen-
sors for detection and analysis of carbohydrate–protein
interactions. Characterization of the strength, stoichiometry,
and specificity of carbohydrate–protein interactions is fun-
damental to many practical applications including profiling
cell surface carbohydrate and lectin expression, clinical
diagnostics of infectious diseases, and environmental as
well as food safety monitoring for bacterial outbreak.
Carbohydrate-based and carbohydrate-targeted sensors
should be developed with minimum sample pretreatment
in matrices, such as serum, plasma, urine, or cerebrospinal
fluid [131]. In addition, further development and automation
will expand the possibilities of carbohydrate and lectin
analysis in the clinical sciences [131]. Thus, carbohydrate
recognition can be considered a major player in the

Fig. 11 (A) QCM frequency change vs. time curves of boropoly-
mer modified Au quartz electrodes exposed to mannose–AuNPs
(a), fucose–AuNPs (b), galactose–AuNPs (c), glucose–AuNPs (d),
and maltose–AuNPs (e) when 2.5, 7.5, 17.5, 37.5, 67.5, 107.5,
157.5, and 257.5 μg/mL carbohydrate–AuNP were added to 1mL

buffer in series. AuNPs size, 15 nm. (B) [carbohydrates-AuNPs] /ΔM
vs. [carbohydrates-AuNPs] of carbohydrates–AuNPs binding with
boropolymer. Maltose–AuNPs (▼), glucose–AuNPs (■), galactose–
AuNPs (●), fucose–AuNPs (▲), mannose–AuNPs (◆)
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biosensor fields for various applications such as bioterror-
ism defense, environmental pollutant monitoring, forensic
analysis, food safety, biological research, and routine clini-
cal tests in laboratory medicine.
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