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Abstract This review summarises the literature on the
synthesis and applications of fluorescently labelled car-
bohydrates. Due to the sensitivity of fluorescent detec-
tion, this approach provides a useful tool to study pro-
cesses involving glycans. A few general categories of
labelling are presented, in situ labelling of carbohydrates
with fluorophores, fluorescently labelled glycolipids,
fluorogenic glycans, pre-formed fluorescent glycans for
intracellular applications, glycan-decorated fluorescent
polymers, fluorescent glyconanoparticles, and other
functional fluorescent glycans.
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Introduction

Fluorescent labelling has found extremely broad applications,
particularly in the areas of protein and nucleic acids due to the
high sensitivity and ease to work with compared with
radiolabelling. In this respect, various techniques based on
behaviours of fluorophores have been developed. Contrary
to proteins and nucleic acids, fluorescent labelling of carbo-
hydrates has been much less studied, probably due to a

number of factors. Compared with proteins and nucleic acids,
carbohydrate structures are much more complex, leading to
challenges in labelling in a site-specific manner. The level of
structural complexity of carbohydrates also means that inter-
pretation of interaction is extremely difficult. In addition, con-
cerns remain in that addition of bulk fluorescent labels to
glycans tends to affect overall structures of carbohydrates
and consequently their interactions with other biomolecules
such as proteins.

Despite these challenges, there has been extensive litera-
ture describing attempt to establish fluorescent labelling of
glycans as a versatile approach to study carbohydrate struc-
tures and their interactions in biological systems. In recent
years, interest is gradually intensifying to develop chemistry
for fluorescent labelling of glycans, to define their applica-
tions and to interpret results from these applications. Effort
has also been directed towards the use of fluorescently la-
belled glycans in applications such as ion sensing and as scaf-
folds for functional materials.

Boronic acid-based fluorescent detection
of carbohydrates

Although not the main topic of this review, boronic acids have
been used rather extensively in the characterization of carbo-
hydrates, based on changes in fluorescent intensity or shift in
emission profiles of boronic acids upon reactions with carbo-
hydrates. Over the past few decades, dozens of such sensors
have been explored. Some of the work has been summarized
in three reviews [1–3]. It is worth noting that the vast majority
of these sensors are based on the reversible reactions between
boronic acid 1 and diols that are present in carbohydrates
(Scheme 1) [4]. This process is pH-dependent in aqueous
media. Formation of cyclic boronates 2 through the reaction
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of boronic acids 1 with diols renders boronate esters more
acidic, as is indicated by changes in pKa (Scheme 1) [5, 6].
Subsequent reaction of the cyclic boronate with water leads to
the formation of an anionic species 4, changing boron hybrid-
ization from sp2 to sp3. The anionic boron centre then could
act as an electron donor or participate in photoinduced charge
transfer, leading to changes in fluorescent properties of the
sensor, i.e., the Ar group. As the diols in carbohydrates display
different conformations and dissociation constants, this ap-
proach provides a means to potentially differentiate simple
carbohydrates through changes in behaviour of the
fluorophore.

In situ fluorescent visualization of carbohydrates

As carbohydrates do not possess chromophores, early
work on fluorescent labelling of carbohydrates focused
primarily on increasing the detection sensitivity of car-
bohydrates in various analytical techniques such as liquid
chromatography and gel electrophoresis. To this end, a range
of fluorescent reagents, such as dansylhydrazine 5 [7, 8],
dansylamine 6 [9], 7-aminonaphthalene-l,3-disulfonic acid 7
[10], 2-aminobenzoic acid 8 [11], 2-aminopyridine 9 and
7-amino-1-naphthol 10 [12, 13], fluorescein amine 11
and 9-aminoacridine 12 [14] have been utilized (Fig. 1).
Most of these labelling approaches not only provide sensitiv-
ity in detection, but also hydrophobicity that makes certain
separation techniques, such as reverse phase HPLC, more
readily applicable.

Most of the derivatization reactions in this regard occur at
the reducing end of sugar through reductive amination
(Scheme 2a), where the resulting imines or hydrazones are
treated in situwith reagents such as sodium cyanoborohydride
to generate stable amines or hydrazines. For non-reducing
sugars, protocols have been developed to first oxidize vicinal
diols using periodate followed by condensation of the
resulting aldehyde with reactive fluorescent reagents
possessing functional groups such as amine, hydrazine and
aminooxy (Scheme 2b). Subsequent reduction again yields

stable amines or hydrazines for detection. Alternatively, se-
lected carbohydrates, such as galactose, can also be oxidized
by enzymes, such as galactose oxidase [14], into correspond-
ing ketones, which can be subjected to similar reductive
amination process.

The labelling chemistry described above is useful for sim-
ple sugars, particularly identification and determination of
composition of monosaccharides. For more complex carbohy-
drates, preparation of carbohydrate–fluorophore conjugates
through a variety of chemistry has been developed, which is
the subject of a later section of this review. There has been
literature precedence, however, for successful site-specific
fluorescent labelling of complex glycans, such as zwitterionic
polysaccharide from Bacteroides fragilis [15].

While these fluorescent labelling reagents proved to be
quite useful in carbohydrate analysis, the fact that both the
labeling agents and products are fluorescent inevitably leads
to difficulty in analysis due to background fluorescent noise.

Fluorogenic labelling agents

One obvious solution to minimize the background noise is-
sues is to use fluorogenic labelling agents which are non-
fluorescent on their own, but become fluorescent upon reac-
tions with target carbohydrates. A number of such fluorogenic
labelling agents have been demonstrated.

Early work in this area included fluorogenic labels that
react with reducing sugars under strongly acidic conditions,
such as 5-hydroxytetralone [16], phenylenediamine [17], and
N-(1-naphthyl)ethylenediamine dihydrochloride [18], howev-
er, these conditions can lead to cleavages of glycosidic link-
ages that might be present in the reducing sugar sample.
Fluorogenic reagents that react with carbohydrates under
mildly basic or neutral conditions were also reported. In
this respect, ethylenediamine [19], malonamide [20], 2-
aminoethanesulfonic acid (Taurine) [21], ethanolamine/boric
acid [22], 2-cyanoacetamide [23], and 4-methoxybenzamidine
[24] have been found to be quite useful in fluorogenically la-
belling reducing sugars. Further, fluorogenic labelling reagents
that are specific for certain monosaccharides are also known.
For example, reaction of thiobarbituric acid with sialic acid that
is pre-treated with periodate allows for fluorescent detection of
sialic acids in the picomole range [25]. Recently, a periodate –
acetoacetanilide/ammonia sequence allows for fluorogenic de-
tection of sialic acids in glycoproteins at nmol/ml concentration
[26].

A recently reported labelling chemistry involves the reac-
tion of reducing sugars, e.g., D-galactose 13, with 1,3-di(2-
pyridyl)-1,3-propanedione 14 in the presence of sodium bicar-
bonate to produce a fluorescent 2-pyridylfuran 15 (Scheme 3)
[27]. Compared with chemistry described previously, this
fluorogenic labelling chemistry is carried out under mild

Scheme 1 Reactions of aromatic boronic acid fluorophores 1 with diols
in aqueous solutions
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conditions, and is quite efficient, with an analysis time of
10 min. Methods were also reported for the separation of
reaction products by HPLC from a rather large number of
monosaccharides.

Fluorescently labelled glycolipids

Glycolipids are important cellular components that play vary-
ing roles in biological processes. It is of importance to detect
and identify these species, to monitor their metabolism, to

track intracellular distribution and to study the biological ac-
tivities of both endogenous and synthetic glycolipids.
Fluorescent labelling provides sensitivity to these challenging
tasks. A number of fluorescently labelled glycolipids have
been synthesized.

One of the earliest applications of 4,4-difluoro-4-bora-3a,
4a-diaza-s-indacene (BODIPY) fluorophores in labelling bio-
logical samples was found in lipids such as sphingolipids
[28–30].With the advantages that BODIPY fluorophores pos-
sess, their applications have been extended towards labelling
glycolipids. In fact, some of these BODIPY labelled

a

b

Scheme 2 Labelling of
carbohydrates with fluorophores
a through reductive amination of
reducing sugar, and b through a
periodate oxidation–reductive
amination procedure

Fig. 1 Some commonly used
fluorescent probes in
carbohydrate labeling
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sphingolipids, such as BODIPY conjugates with ceramide,
sphingomyelin, glucosylceramide, lactosylceramide, and
GM1 ganglioside (Fig. 2), are commercially available from
Molecular Probes (now Life Technologies). These BODIPY-
sphingolipid conjugates are useful in studying transport and
metabolism of sphingolipids [28], and as structural markers
for the Golgi complex [31].

Other BODIPY glycolipids have also been prepared [32].
While the stereochemistry in the BODIPY ceramide conju-
gates from Life Technologies is unknown, a saturated
BODIPY α-galactosylceramide analogue 16 (Fig. 3) with de-
fined stereochemistry was synthesized to study the in vivo
behaviour of α-galactosylceramide in mice by fluorescent
techniques. This compound was also found to be active in
inducing apoptosis of liver derived natural killer T cells
[33]. In order to investigate the importance of the ste-
reochemistry of the long chain of ceramide in the uptake of
lactosylceramide through endocytosis [34], Bittman’s labora-
tory synthesized BODIPY conjugates with maltosylceramide
[35] and three stereoisomers of the naturally occurring
lactosylceramide 17–19 [36] (Fig. 3).

While BODIPY fluorophores are attached to the hydropho-
bic portions of glycosphingolipids in the examples described
above, BODIPY has also been covalently linked to sialic acid
in gangliosides [37]. These constructs could potentially per-
turb interactions between glycans with sugar-binding proteins;
however, they can be useful in the investigation of the biolog-
ical fate or activity of the lipid head of glycolipids.

Another commonly used fluorophore, 7-nitrobenz-2-oxa-
1,3-diazole (NBD), has also been conjugated to the hydropho-
bic tail of GM1 and GM2 gangliosides to investigate the trans-
fer activity of GM2-activator proteins [38].

Dovichi and co-workers recently demonstrated synthesis
and electrophoretic separation of various BODIPY [39] and
tetramethylrhodamine [40] labelled glycosphingolipids as a
means to monitor metabolism of glycosphingolipids.
When coupled with laser-induced fluorescence or mass

spectroscopic detection, this system allowed for the
study of glycosphingolipid metabolites at a very broad
dynamic range from mM to pM for laser-induced fluo-
rescence detection and down to yotomoles for mass
spectroscopic detection [41–43]. The extremely high sensitiv-
ity in detecting BODIPY labeled lactosylceramide (amol) in-
volved in glycan processing was also demonstrated by a fluo-
rescence monitored mass spectrometry setup using nanoLC-
microelectrospray-quadrupole ion trap-time of flight analysis
[44].

Fluorescently labelled glycans for intracellular
applications

While carbohydrates can be fluorescently labelled in situ for
detection purposes, glycans bearing fluorophores at specific
linkages can serve as sensitivemarkerswhen applied to in vitro
and potentially in vivo experiments. A major consideration in
using fluorescently labelled glycans in these studies rests in
the concern that covalently linked fluorophores can lead to
changes in the overall property of the glycan. Therefore, re-
sults from these studies must be interpreted with great care.
Nevertheless, the utility of fluorescently labelled glycans has
found interesting applications in a range of scenarios.
Development of suitably fluorescently labelled glycans repre-
sents a fast evolving area of research in carbohydrate
chemistry.

Understanding sialic acid processing is an important
aspect of research in glycobiology. As such, use of fluo-
rescently labelled sialic acid and analogues offers the
ability to study sialic acid-processing enzymes such as
cytidine monophosphate (CMP)-sialic acid synthase,
sialyltransferase and neuraminidase. In this respect, a
sialic acid conjugated with fluorescein isothiocyanate (FTIC)
at N-9 position, as in 20, was found to be a good substrate for
GalNAc α2,6-sialyltransferase, allowing for transferring of a

Scheme 3 Formation of
fluorescent 2-pyridylfuran 15 by
the treatment of reducing sugars,
such as D-galactose 13, with 1,3-
di(2-pyridyl)-1,3-propanedione
14

Fig. 2 Some BODIPY labeled
sphingolipids that are
commercially available from life
technologies
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fluorescently labelled sialic acid analogue to an antifreeze
protein [45]. The fluorescent sialic acid donor 20 was also
used in a sensitive assay to determine the enzyme kinetics of
rat liver α2,6-sialyltransferase [46] and to characterize a hu-
man plasma sialyltransferase [47]. This fluorescent CMP-
sialic acid and another sialic acid analogue derived with fluo-
rescein at N-5 were subsequently shown to be good markers
for intracellular sialylation, allowing for the visualization of

cellular sialic acid processing by fluorescent imaging [48]. N-
Acetylneuraminic acid (NAcNeu) labelled with FITC at N-9
position has also been shown in a recent application to pref-
erentially label subcutaneous and liver tumors in mice,
allowing for precise tumor location in surgical procedures
[49]. Thus, when FITC-NAcNeu was administered to mice
intravenously, this modified sialic acid was metabolized and
displayed on the tumor cell surfaces.

In a similar approach, sialic acid modified at N-5 with
BODIPY, as in 21, was synthesized. The C3-position is also
fluorinated so that the modified BODIPY-NAcNeu does not
serve as a substrate for sialyltransferase, however, the conju-

gate is still recognized by CMP-sialic acid transporter [50].
When this conjugate was fed to a PC-12D cell culture, it was
possible to visualize specific Golgi vesicles through fluores-
cence confocal imaging.

Fig. 3 BODIPY-
glycosylceramide conjugates with
defined stereochemistry
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Fluorescently labelled glycans were also shown to be use-
ful in tracking the internalization and cell activation of inositol
phosphate glycans [51], to profile cytoplasmic peptide:N-
glycanase [52] or other glycosidases [53], and cell targeting
and uptake of glycans [54–56].

Fluorogenic glycosidase substrates

Fluorogenic glycosides have been widely used in the study of
activities of glycosidases [57] due to the sensitivity of fluores-
cent detection; some of these fluorogenic glycosides are also
commercially available.

Among these, 4-methylumbelliferyl glycosides repre-
sent one of the most commonly used fluorogenic probes
in studying glycosidase activities. Commercially avail-
able from the 1960s, 4-methylumbelliferyl glycosides,
such as 4-methylumbelliferyl-α/β-D-glucopyranoside, 4-
methylumbelliferyl-β-D-cellobioside, 4-methylumbelliferyl-β-
D-galactopyranoside, and 4-methylumbelliferyl-N-acetyl-β-D-
glucosaminide, have been used for the identification, character-
ization and kinetic study of glycosidases [58–61]. Cleavages of
the glyco linkage in these glycosides, such as 4-
methylumbelliferyl-β-D-glucopyranoside 22, by glycosidases

lead to the formation of fluorescent 4-methylumbelliferone 23
(Scheme 4).

This approach was extended to more complex 4-
methylumbelliferyl fluorogenic glycosides, such as di-, tri-
and oligosaccharides [62–67], and challenging monosaccha-
rides such as sialic acids [68–70]. 4-Methylumbelliferyl agly-
cone analogues were also explored to better suit the properties
of glycosidases [71–74]. A number of other fluorenegic gly-
cosides based on aglycons other than 4-methylumbelliferyl
were shown to be useful glycosidase substrates, possessing
properties that could be more suitable for their respective ap-
plications [75–77].

A recent design of a fluoregenic glycoside substrate for
glucocerebrosidase allowed for live cell imaging enabled by
Fluorescent Resonance Energy Transfer (FRET) that depends
on whether the glycoside substrate is processed by the
hydrolase or not [78]. As shown in Scheme 5, the BODIPY
fluorescence is quenched by the blackhole quencher in the
glycosidase substrate 24, however, cleavage of the glycosidic
linkage leads to the depart of the quencher, restoring fluores-
cence of the sugar-BODIPY conjugate 25. This probe is also
presumed to be suitable for investigating intracellular
glucocerebrosidase activity due to its weakly basic quencher,
allowing for its accumulation in the slightly acidic lysosome.

Scheme 4 Hydrolysis of 4-methylumbelliferyl-β-D-glucopyranoside 22 by glucosidase, leading to the formation of fluorescent 4-methylumbelliferone 23

Scheme 5 Glucoside decorated with a BODIPY-block hole quencher FRET pair 24. Cleavage of the glycosidic linkage by glycosidase leads to the
restoration of BODIPY fluorescence
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Fluorescent glycan microarray

With the increasing interest in glycogenomics, the
glycobiology community started to pick up interest in glycan
arrays [79–81]. Despite of the challenges in access to complex
sugar and appropriate immobilization chemistry, this approach
has the potential to allow for the studies of protein – carbohy-
drate interactions on large scales. To date, glycan microarrays
are prepared in more than a dozen laboratories. While fluores-
cently labelled proteins have been widely used in glycan arrays

[82], fluorescently labelled glycans are starting to find applica-
tions in microarrays [83]. In this application, fluorescently la-
belled glycans can be generated through chemistry such as
reductive amination at the reducing end of sugar followed by
immobilization (e.g., Scheme 6a) [84–86], however, this ap-
proach is often not applicable to study intact glycans as it leads
to the formation of acyclic sugar at the reducing end, which
likely changes the binding behaviour of glycans.

Alternative approaches require attachment of spacers to the
reducing end of sugar that not only allows for incorporation of

a

b

c

Scheme 6 Approaches for the preparation of fluorescent glycan arrays. a
Fluorescent glycan array fabricated through reductive amination using
2,6-diaminopyridine as a bifunctional linker and fluorophore [85]; b

Immobilization via derivatized fluorescent glycosylamides [83]; and c
release of glycopeptide from glycoproteins by the treatment with
proteases [87]

Glycoconj J (2015) 32:559–574 565



fluorophores but also immobilization, however, this approach
adds complexity to the synthesis of glycan libraries. A number
of spacer designs have been reported for general conjugation
purposes, especially for the preparation of glycoproteins [88],
some are developed particularly for the generation of glycan
arrays or immobilization [82, 89–92]. Strategies have also
been developed to release glycans from glycoconjugates
through enzymatic [93] or chemical cleavages [94]. In order
to incorporate a fluorophore and to attach to a solid support in
glycan microarrays, a bifunctional linker is required. As dem-
onstrated in Scheme 6b [83], natural glycans can be treated
with ammonium bicarbonate to first yield corresponding
glycosylamines that subsequently react with acryloyl chloride.
The resulting glycosylacrylamides are then subjected to
ozonolysis. The aldehyde functionality of the product reacts
with a fluorescent linker N-aminoethyl-2-aminobenzamide to
give a product that can readily be immobilized to surfaces that
are derivatized with N-hydroxysuccinamide.

In a different strategy (Scheme 6c), glycoproteins are first
treated with proteases to give glycopeptides with O- or N-
glycans. The amino functionality in the glycopeptide products
is then protected by treatment with 9-fluorenylmethyl
chloroformate. The Fmoc protected glycopeptides are fluores-
cent, yet cleavable, and can be subsequently used for immo-
bilization [87].

Glycan decorated fluorescent polymers

Fluorescent materials modified with carbohydrates have
found some interesting properties and applications, as glycans
can serve as structural scaffolds, provide polarity or solubility
in aqueous media, and perhaps most importantly, a structural
recognition element for these materials.

Some of the early work in the use of glycan-
decorated fluorescent polymers showed that these conju-
gates are useful in studying lectins through fluorescent
imaging. As demonstrated by Bovin and co-workers [95],
glycan-polyacrylamide-fluorescein conjugates were found to
be useful tools in this respect. One drawback from this probe,
however, derives from the relatively weak interaction between
lectins and simple glycans.

Bunz and co-workers first introduced glucose to fluorescent
poly(p-phenyleneethynylene) (PPE) 26 to guide organization
of PPE on nanoscales (Fig. 4, R = Ethex) [96]. These
glucose-coated PPE polymers were found to form fibrous mats
of good mechanical strength, and the interchain interactions are
modulated by the presence of glucose. The same laboratory
later demonstrated [97] that fluorescent emission profiles of
glucose-coated PPE (26, Fig. 4, R=−OC12H23) can be modu-
lated by addition of surfactants.

This polymer design was later on utilized by Seeberger and
co-workers for the detection of bacteria [98]. In the presence

of concanavalin A (Con A), fluorescence of PPEs coated with
mannose (27, Fig. 5, sugar = mannose) is quenched in a man-
ner that is dependent on the concentration of Con A, while
PPEs decorated with galactose did not show any significant
binding with Con A. Furthermore, mannose-coated PPEs
were shown to fluorescently stain wild type bacterium
E. coli that bind to mannose at 104 clustered cells,
while the ability of mannose-PPE to stain is abolished
in an E. coli mutant strain that does not bind to man-
nose. It is worth noting that the detection limit for
E. coli shown in this work is comparable to that of
fluorescently labeled antibodies [98]. This detection con-
cept is interesting as the polymer can be readily tailored to
target pathogens that possess varying carbohydrate binding
properties.

The success demonstrated by Seeberger’s laboratory in uti-
lizing fluorescent glycan-decorated polymers to study glycan-
lectin interactions and to detect pathogens initiated significant
interest to further develop this concept. Indeed, polymers of
varying structures have been modified with glycans to study
the glycan-lectin interactions, some have also been investigat-
ed towards pathogen detections [99–106]. Work reported by
Tolbert, Bunz and co-workers [107] provided a system where
fluorescence of mannose-decorated PPE is quenched through
the formation of non-fluorescent aggregates with Con A
(Schemes 6 and 7). This system is of particular interest
as the fluorescent quenching becomes more pronounced
with the increase in PPE concentration, which ap-
proaches the apparent binding constant of streptavidine
and biotin.

Wolf and co-workers prepared micrometer-sized mi-
croparticles using glycosylated PPE and showed that
these microparticles bind and agglutinate corresponding
lectins [99]. These PPE particles could have potential in
applications such as affinity chromatography to Bcatch^
glycan binding proteins.

An interesting type of mannosylated polymer 28 consisting
of amidoamine building blocks was also shown to be useful in
bacterial detection [108]. These unique polymers do not pos-
sess conventional fluorophores, yet display fluorescence that

Fig. 4 Glucose decorated PPE
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is dependent on the size of the polymer. Further, fluorescence
is significantly enhanced when mannose is covalently at-
tached to the polymer. Binding of the mannosylated

poly(amidoamine) to bacterial E. coli leads to fluorescence
quenching, which allows for the detection of the bacterial
species at 100 cfu/ml.

Lehn and co-workers also coined the term Bglycodynamers^
to describe polymers bearing oligosaccharides that dem-
onstrate different fluorescent properties based on the
constitution of the polymer that can be readily tuned
through reversible reactions [109, 110]. Thus, a small
library of glycan-decorated hydrazides 29, 30 and alde-
hydes 31–33 were generated (Fig. 6). These hydrazides
and aldehydes undergo condensation reactions to form
fluorescent polymers that display different fluorescent
and lectin-binding properties upon changes in conditions
such as temperature and solvent.

Other carbohydrate-decorated fluorescent systems,
such as dendrimers [111], peptide-based glycoclusters
[112, 113], glycosylated pyrene-graphene assembly
[114], supramolecular scaffolds [115], and chitin nano-
crystals [116] were also developed towards lectin bind-
ing and bacterial detection. These designs allow for the
glycocluster effect to maximize the interaction between
glycans and lectins as well as bacterial surface glycan-
binding proteins. Glycoclusters based on small molecu-
lar core structures were also shown to be useful in these
applications [117–120].

Fig. 5 Galactose and mannose
coated PPE for detection of
bacterial pathogens

ConA

ConA

Non-fluorescentfluorescent

Scheme 7 Fluorescence
quenching of glycopolymers
through binding to ConA.
Figure reproduced from the
Journal of American Chemical
Society with permission
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Fluorescent glyconanoparticles

One recent development in harnessing glycan-carbohydrate
binding proteins involves fluorescent glyconanoparticles.
Two recent reviews summarized the preparation of
glyconanoparticles and their applications in colorimetric
assays and biomedical research [121, 122]. Assembly of
glycan-decorated nanoparticles introduces the ability to
tune the behaviour of the conjugates through the unique
optical, magnetic, and electronic properties of nanoparticles,
and modulation of the size and shape of the nanoparticles.

Quantum dots (QDs) represent one of the most frequently
used nanoparticles, partly due to the ease in modulating
fluorescent properties through their sizes. QDs can also
be readily modified on the surface to allow for the
immobilization of multiple ligands, which is typically re-
quired in studying glycan-protein interactions. In this respect,
N-acetylglucosamine bearing a sulfhydryl group at the reduc-
ing end through an alkyl linkage is readily attached to 5 nm
CdSe/ZnS core-shell QDs [123]. It was determined that ap-
proximately 210 GlcNAc molecules were incorporated into
each QD, and the fluorescence of the QDs is quenched in
the presence of WGA lectin in a concentration-dependent
fashion. In a similar approach, CdSe/ZnS QDs were decorated
with glycans derived from di- or trisaccharides, e.g., D-lac-
tose, D-melibiose, or D-maltotriose, through reductive
amination, and investigated for their ability to agglutinate soy-
bean agglutinin, jacalin, and Con A [124]. These glycan-
decorated QDs can selectively agglutinate corresponding
lectins and the resulting aggregates can be deglutinated with
free glycans selectively. QDs were also derivatized with β-
cyclodextrin (CD), β-mannosylated or β-galactosylated CD
[125]. These QDs selectively aggregated Con A, peanut

agglutinin, and galanthus nivalis lectins, respectively. In a sepa-
rate study, mannosylated QDs were also shown to be useful in
detecting bacterial lectin in E. coli at 104 cfu/ml as results of the
interaction between mannose and bacterial surface FimH
mannose-specific lectin [126]. Metal nanoparticles, such as gold
or iron oxide nanoparticles, were also found to be useful
Bcarriers^ of glycans for the detection of glycan-binding pro-
teins and microorganisms, however, these nanoparticles are
either non-fluorescent or weakly fluorescent on their own
[127], unless modified on the surface with fluorophores [128].

Modification of liposomes by glycans and fluorophores has
also been explored. As liposomes of varying sizes and structures
are quite readily accessible, such as unilamellar and
multilamellar vesicles, liposomes can accommodate rather dif-
ferent glycans and fluorophores. Lee and co-workers prepared an
amphiphilic tetra(p-phenylene) –mannoside conjugate linked by
oligo(ethylene oxide) 34 that readily assemble into liposomes of
about 40 nm diameters [129]. These vesicles were shown to bind
to the pili of bacterial E. coli ORN 178, presumably through
interactions with the surface FimH. The authors also demonstrat-
ed in a subsequent report that a triblock mannoside – aromatic
conjugate 35 assembles into rod shape structures, which can be
transformed into spherically shaped particles upon addition of
Nile Red [130]. Both structures can precipitate Con A and bind
to the pili of bacterial E. coli ORN 178 (Fig. 7).

Fluorescently labeled glycans in material sciences
and as ion sensors

Due to a number of unique structural features that carbohy-
drates possess, such as the well-defined stereochemistry and
the hydroxyl functionalities that are uniquely positioned in the

Fig. 6 Building blocks used in
the reversible glycodynamer
formed through condensation
reactions
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scaffold, carbohydrates have been introduced in various mo-
lecular designs.

In this respect, α-methylglucoside was used as a
Bbiologically-relevant platform^ to assemble artificial light-
harvesting antenna system [131]. Sequential Sonogashira cou-
pling reactions of tetrapropargyl α-methylglucoside 36 with
suitably substituted BODIPY fluorophores (Scheme 8) led to
the formation of multifluorophore-cassettes 37 and 38 that
allow for ultrafast and efficient energy transfer. It was argued
that this construct could be applied to biological systems, as
carbohydrates are indispensible components of the living sys-
tem. Similarly, this concept was also extended to the synthesis
of multifluorophore sugar conjugates that allow for effective

energy transfer through FRET, due to the proximity of adja-
cent fluorophores attached to the sugar scaffold [132].

Work from a few research groups have demonstrated the
assembly of sugar-fluorophore conjugate, mostly macrocycles
[133–140]; some have shown interesting photochemical prop-
erties in response to the presence of specific ions, such as
Cu2+, Hg2+ and Pb2+. BODIPY was also incorporated in some
of these designs, and found to show binding to a selection of
ions including Cu2+, leading to fluorescent quenching [138].
Based on recent findings in our laboratory [141], however,
caution needs to be exercised in the use of BODIPY
fluorophores in Cu2+ sensing, as BODIPY can undergo reac-
tions with various copper (II) salts.

Scheme 8 Synthesis of multifluorophore-cassettes using glucoside as a platform

Fig. 7 Fluorophore-decorated
glycosides that assemble into
defined structures
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Conclusions and perspectives

Among the reasons for the delay in applying fluores-
cently labelled carbohydrates in glycobiology research
is the concern that attachment of fluorophores can
change the conformations of glycans and consequently
the way they interact with their binding partners, such
as proteins. Zhu and co-workers [142] recently com-
pared the binding constants of 24 glycans with seven
plant lectins that are either label-free or fluorescently
labeled. It was determined that the interaction profiles
are different for label-free and fluorescently labeled
lectins, in some cases a very significant difference was
observed. While similar perturbation to glycan confor-
mation will likely occur when fluorophores are cova-
lently attached, with careful choice of fluorophores and
design of attachment chemistry, fluorescently labelled glycans
will find interesting applications in glycobiology re-
search. In this respect, a number of considerations
should be accounted for. Size of the fluorophore will
be an important consideration in selecting labelling re-
agent. Typically, relatively small fluorophores are more
desirable. Hydrophobicity of the fluorophore needs to be
taken into consideration. For intracellular applications,
hydrophobic fluorophores could potentially enhance in-
ternalization of the probe, however, non-specific hydro-
phobic interaction with non-target molecules will need
to be considered. A tendency for the probe to reside
within the cell and stability in the target cellular com-
partment are required for these applications as well.
Some of the issues with fluorescently labelled glycans
can be addressed with the choice of appropriate conju-
gation chemistry and linkers.

An alternative approach to fluorescently track glycan pro-
cessing has been explored widely in the literature. This ap-
proach entails introduction of functional groups into glycans,
such as azido- and alkynyl- that represent small changes to
glycan structures, followed by visualization with fluorophores
bearing compatible reactive groups. This approach, which is
not the topic of this review, however, is often challenged with
background fluorescence from the staining process.

As outlined in this review, the structural complexity of
glycans poses challenges in many aspects; however, it also
provides opportunities to explore these moieties in a wide
range of applications. Glycans can be explored as structural
scaffolds for fluorescent characterization of lectins and
carbohydrate-binding proteins, and potentially in the detection
of whole organisms. They will also find utility in functional
materials, such as fluorescent sensing of specific analytes.
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