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Abstract The majority of cell-surface and secreted proteins
are glycosylated, which can directly affect their macromolec-
ular interactions, stability, and localization. Investigating these
effects is critical to developing a complete understanding of
the role of glycoproteins in fundamental biology and human
disease. The development of selective and unique chemical
reactions have revolutionized the visualization, identification,
and characterization of glycoproteins. Here, we review the
chemical methods that have been created to enable the visu-
alization of the major types of cell-surface glycoproteins in
living systems, from mammalian cells to whole animals.
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Introduction

Many cell-surface proteins are modified by at least one type of
glycosylation, which can have dramatic effects, including the
alteration of the folding, stability, and subcellular localization
of proteins [1]. Additionally, cell-surface glycans are well po-
sitioned to mediate interactions between the cell and its envi-
ronment, including cell–cell interactions, pathogen infection,
and immune system recognition. The most common types of
cell-surface glycosylation in mammals (Fig. 1) are N-linked

oligosaccharides [2, 3], which are attached to the amide side-
chain of asparagine, and O-linked glycans, which occur on
serine and threonine residues. The majority of these O-linked

Fig. 1 Different types of cell-surface glycosylation in mammalian cells.
Mammalian cells have several major (N-linked and mucin O-linked) and
minor (O-GlcNAc, O-glucose, and O-fucose) types of cell-surface
glycosylation

* Matthew R. Pratt
matthew.pratt@usc.edu

1 Department of Chemistry, University of Southern California, Los
Angeles, CA 90089-0744, USA

2 Department of Molecular and Computational Biology, University of
Southern California, Los Angeles, CA 90089-0744, USA

Glycoconj J (2015) 32:443–454
DOI 10.1007/s10719-015-9589-3



modifications involve the addition of GalNAc to the polypep-
tide chain, forming the core of mucin-type glycosylation [4].
Several other less-common forms of cell-surface O-linked
glycosylation also exists [5], including O-GlcNAc, O-
glucose and O-fucose. Previous research using traditional bi-
ological techniques (e.g., genetic knockouts, lectin staining,
etc.) and analytical chemistry methods, such as mass spec-
trometry, have demonstrated that dynamic changes in glyco-
sylation play critical roles during normal development and in
human disease. However, the visualization of glycans in living
systems remained challenging due to several methodological
roadblocks. For example, because glycans are nativemembers
of the extracellular environment and heterogeneous in nature,
the generation of anti-glycan antibodies for immunostaining
has been very difficult. Additionally, lectins often display poor
selectivity for individual types of glycans and in many cases
have weak binding affinity.

Fortunately, in the past 15 years, the creation of innovative
chemical methods and imaging technologies have made sig-
nificant progress towards addressing this fundamental techno-
logical gap. The vast majority of these techniques fall into
three different categories: chemoselective chemical reactions
that take advantage of the selective reactivity of certain carbo-
hydrates, the installation of chemical probes (chemical re-
porters) that are absent from biological systems and can also
undergo a range of bioorthogonal reactions for the installation
of visualization tags, and imaging technologies that can direct-
ly detect chemical reporters without bioorthogonal tagging
(Fig. 1). Here, we first provide a brief overview of these chem-
ical methods, with a specific emphasis on the different strate-
gies for incorporation of chemical reporters, and review the
application of these technologies for the visualization of the
major classes of glycoproteins in mammalian cells and com-
mon model organisms. For a more broad review of the appli-
cations of chemical reporters or the available toolkit of
bioorthogonal reactions, we direct readers to other compre-
hensive reviews [6–8].We end with a summary of the remain-
ing challenges and opportunities for the glycoprotein imaging
field.

Chemical methods for glycoprotein visualization

As stated above, there are three broad chemical categories for
the installation of glycoprotein visualization probes. The first
of these takes advantage of unique chemical reactivities
imparted by the endogenous structure of particular monosac-
charides (Fig. 2a). The most well-established example of this
is the oxidation of sialic acid residues to aldehydes by
periodate, which transforms cis-hydroxyl groups into alde-
hydes. These aldehydes can then undergo selective reactions
with hydrazide- and aminooxy-functionalized visualization
tags [7]. In these cases, the bioorthogonality of the method

relies on the lack of endogenous aldehydes or ketones on the
cell surface. The second method involves the installation of
abiotic chemical groups that can be specifically reacted with a
growing range of bioorthogonal reactions (Fig. 2b). These
bioorthogonal groups are typically incorporated into glycans
in two ways. The first, which we have termed metabolic
chemical reporters (MCRs), involves the chemical synthesis
of analogs of naturally-occurring monosaccharides that con-
tain bioorthogonal reactivity (most commonly azide or alkyne
groups). MCRs can then be added to living systems where
they are metabolized into activated sugar-donors that are di-
rectly incorporated into glycans by endogenous glycosyltrans-
ferases. Alternatively, bioorthogonal-analogs of the sugar do-
nors can be prepared chemically or chemoenzymatically and
added to cell-surface glycans by exogenous addition of an
appropriate glycosyltransferase. The final technique utilizes
the chemical information inherent in bioorthogonal tags to
enable their direct visualization without the need for the sec-
ondary installation of tags (Fig. 2c). Currently, the most pow-
erful of these methods uses either stimulated Raman scattering
or surface enhanced Raman scattering (SERS) to directly im-
age the vibrational stretching of abiotic functionalities, such as
alkynes, that reside in the Bcell-silent region^ of the Raman
spectrum [9, 10]. Again, these types of probes could be
installed either metabolically or enzymatically. To date, a
range of MCRs have been developed for the visualization of
cell-surface glycoproteins, including those outlined in Fig. 3.
Each of these techniques has their own positives and nega-
tives, but all have been successfully applied to the visualiza-
tion of different classes of glycans as follows.

Sialic acid

Sialic acids are a class of nine-carbon backbone monosaccha-
rides that are often found at the capping end of many oligo-
saccharide structures on the cell surface. As mentioned above,
the inherent chemical properties of sialic acids allow them to
undergo chemoselective reactions for the direct installation of
visualization tags. For example, aldehydes can be introduced
onto the cell surface using mild periodate oxidation chemistry
which selectively oxidizes the polyhydroxy side-chain of al-
ready existing sialic acids. This reaction is fast, can occur at a
neutral pH, and uses low concentrations of common, inexpen-
sive reagents; however, the subsequent bioorthogonal reaction
of aldehydes with hydrazide- and animooxy-visualization tags
is typically slow and can be reversible. To overcome this lim-
itation, Paulson and co-workers took advantage of analine-
catalyzed oxime ligation (PAL) to increase the reaction effi-
ciency with an aminooxy-biotin tag [11]. They utilized this
technique to first specifically label cell-surface sialic acids at
low temperature, then track the endocytosis of labeled glyco-
proteins in the endosomal/lysosomal pathway upon elevation

444 Glycoconj J (2015) 32:443–454



to normal culture temperature, suggesting that PAL can be
valuable for the visualization of glycan trafficking [12].

In addition to direct chemical methods, sialic acid residues
were the first to be visualized by treating cells with an analog
of the metabolic precursor, N-acetylmannosamine (ManNAc),
which created the concept of MCRs. Bertozzi and co-workers

first demonstrated that a chemically reactive ketone could be
incorporated onto the N-acetyl side chain of ManNAc, termed
ManLev.When living cells were treated with this compound it
was metabolized to the corresponding CMP-sialic acid donor
and then incorporated into cell-surface glycans as a sialic acid
derivative. The ketone could be subsequently detected using

Fig. 2 Chemical methods for the
visualization of cell-surface
glycans. a Some
monosaccharides (e.g., sialic
acid) can directly undergo
chemoselective reactions for the
installation of visualization tags. b
Chemical reporters can be
incorporated into glycans for
subsequent installation of
visualization tags using
bioorthogonal chemistries. These
chemical reporters can be
incorporated using cellular
metabolism or enzymatic
modification of endogenous
glycans. c Some chemical
reporters can be directly detected
using advanced spectroscopic
techniques (e.g., stimulated
Raman scattering)
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biotin-hydrazide and flow cytometry [13]. While this method
was the first to take advantage of the promiscuity of the sialic
acid pathway to incorporate ManNAc analogs into cell-
surface glycans, the ketone functionality suffers from the same
reaction limitations as aldehydes and is not truly
bioorthogonal, as there are endogenous keto-metabolites. To
overcome this issue, the Bertozzi lab created the Staudinger
ligation, which generates an amide bond upon reaction of two
totally abiotic groups, an ester-functionalized triarylphosphine
and an azide [14]. To take advantage of this reaction, living
cells were treated with an azide containing peracetylated
ManNAc analog, termed Ac4ManNAz. Following
deacetylation of the acetate protecting-groups by endogenous
lipases/hydrolases, ManNAzwas metabolized and incorporat-
ed as SiaNAz onto the cell surface, where it could be readily
detected using the Staudinger ligation. Notably, using the
same concentrations of reagents, metabolism of Ac4ManNAz
and subsequent reaction with a biotin-phosphine probe and

incubation with fluorescein isothiocyanate (FITC)-avidin re-
vealed two-fold higher signal compared to that of the
ketosugar/hydrazide combination. Incredibly, Prescher et al.
then demonstrated that injection of living mice with
Ac4ManNAz resulted in incorporation of SiaNAz into a vari-
ety of tissues, which could be detected by both ex vivo and
in vivo Staudinger reactions with a phosphine FLAG-tag
followed by Western blotting, demonstrating cell surface vi-
sualization in a living organism for the first time [15]. This
experiment set the stage for the application of Ac4ManNAz
visualization in human disease, as increases in sialic acid on
the cell-surface has been shown to correlate with the malig-
nancy of many cancer types [16], raising the possibility that
sialic acid visualization could be used as a non-invasive way
to potentially monitor tumor progression and differentiate tu-
mors from healthy tissue. Towards this goal, the Brindle lab
injected Ac4ManNAz intraperitoneally into mice with lung
carcinoma xenografts and reacted any labeled tissues in vivo
with phosphine-biotin, followed by injection of either far-red
fluorescent or radionucleotide-labeled avidin [17]. Healthy
tissue had significantly lower Ac4ManNAz-dependent signal
compared to the xenografts using both imaging technologies,
indicated that sialic acidMCRs could be used for the detection
of changes in glycosylation and determination of disease
prognosis in vivo. Finally, bioorthogonal labeling typically
requires the use of excess biotin or fluorescent tag to drive
the kinetics of the reaction and ensure completion. This extra
tag necessitates a wash-out step to remove unreacted material
before addition of avidin reagents or fluorescence visualiza-
tion. In an effort to sidestep this issue, Bertozzi and co-
workers created a Bfluorescently silent^ probe comprised of
a phosphine-tethered fluorophore attached to an intramolecu-
lar quencher [18]. Reaction with an azide during the Stauding-
er ligation liberates the quencher, resulting in fluorescence
signal. This technique was applied to live HeLa cells for the
visualization of cell surface SiaNAz residues, as well as those
internalized by the Golgi.

Despite these key applications, the Staudinger ligation suf-
fers from slow reaction rates and oxidation of the phosphine
tags that renders them unreactive. The other available
bioorthogonal reaction at the time, Copper(I)-catalyzed
azide-alkyne cycloaddition (CuAAC) [19, 20] has a increased
rate, but displays cytotoxicity. Therefore a new bioorthogonal
reaction for dynamic, live-cell imaging was needed. The
Bertozzi lab first reported the bioorthogonal reaction between
an azide and a non-substituted, strain-activated cyclooctyne,
termed strain-promoted azide-alkyne cycloaddition (SpACC)
[21]. Unfortunately, this reaction proved to be no faster than
the Staudinger ligation. In an attempt to increase the reaction
rate of the reaction and therefore sensitivity of azide-detection,
various cyclooctyne reagents were developed by both the
Bertozzi and Boons lab, including a difluoronated
cyclooctyne (DIFO) and a series of dibenzocyclooctynes

Fig. 3 Examples of metabolic chemical reporters. A range of chemical
reporters have been synthesized for the visualization of cell-surface
glycans
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[22]. Both of these compounds are highly reactive, for exam-
ple, DIFO was reported to have a second-order rate constant
17–63 times greater in vitro than the rate constants previously
reported for the Staudinger ligation and the previously report-
ed, first generation cyclooctyne reagents [23]. Similarly, the
use of DIBO, a dibenzyocyclooctyne, increases reactions rates
through the enhancement of ring strain, which resulted in an
approximately 1000-fold increase in the second order rate
constant compared to unactivated cyclooctyne [24, 25]. After
1 h of bioorthogonal reaction, the rate enhancement provided
by DIFO resulted in a 20-fold increase in the sensitivity of
SiaNAz detection of cells treated with Ac4ManNAz compared
to the Staudinger ligation. The dramatically improved reaction
rate of DIFO was then used to achieve dual color time-lapse
imaging of cell-surface glycosylation. Specifically, cells pre-
viously labeled with Ac4ManNAz were subjected to SpACC
with DIFO-488 before being re-incubated with Ac4ManNAz
to install additional SiaNAz residues. Subsequent reaction
with a red-shifted DIFO-568 revealed the DIFO-488-
conjugated population had migrated almost entirely to the
lysosomes while the DIFO-568-population was present on
the cell surface, indicating that metabolic labeling does not
grossly alter glycan trafficking on the time scale of the exper-
iment and demonstrating that improved bioorthogonal reac-
tions in combination with MCRs provide a means to observe
the kinetics of glycan internalization. Interestingly, Boons and
co-workers took advantage of the improved reaction rate to
monitor glycan localization and movement as it relates
Niemann-Pick type C (NPC) disease. NPC is characterized
by mutations in NPC-1 and NPC-2 proteins that normally
mediate the passage of cholersterol from the lysosomes. Build
up of cholesterol in this manner within neurons and other cell
types, results in neurodegeneration and hepatosplenomegaly
[26]. Remarkably, treatment of either NPC-1 null or NPC-2
deficient fibroblasts with Ac4ManNAz or Ac4GalNAz,
followed by SpAAC with DIBO-biotin and subsequent visu-
alization using streptavidin-AlexaFluor showed a disease-
specific accumulation of a large set of glycans within
endocytic compartments. Furthermore, using the endocytic
uptake marker dextran, they were able to show that endosomal
build up of glycoproteins in NPC cells is likely due to im-
paired recycling [27]. Increasing evidence has also linked gly-
cosylation to a variety of pathological and physiological pro-
cesses in the heart. Specifically, it has been shown that N-
linked glycans, mucin-type O-linked glycans and sialic acids
are required for regulating the electric cardiac signaling and
heart rhythm [28]; however, visualization of such glycosyla-
tion events has been challenging. The Chen lab took advan-
t age o f SpAAC wi th ano the r cyc looc tyne - t ag ,
azadibenzocyclooxtyen (DBCO), to visualize sialic acid mod-
ification in whole, intact rat hearts [29]. Specifically, rats were
treated with Ac4ManNAz for 7 days at which time whole
hearts were isolated, subjected to Langendorff-perfusion to

permit the visualization and manipulation of intact hearts
without the complications involved in whole-animal experi-
ments. Upon close inspection, intense fluorescent signal was
observed at the cell-cell junctions, in-line with previous re-
ports of sialylated glycans, and also at the transverse tubule
(T-tubule) networks that are responsible for synchronizing
cell-wide excitation and excitation-contraction coupling. Fur-
thermore, their studies showed an increase in the biosynthesis
of sialic acid after rat hearts had been exposed to cardiac
hypertrophy.

The MCRs used for visualization of sialic acids discussed
thus far have been functionalized solely at the N-acetyl side
chain of the metabolic precursor N-acetylmannosamine,
resulting in the incorporation of an abiotic azide at the C5
position of the sialic acid product. Although the fate of these
MCRs are now well characterized, less work has been
invested in the metabolic fate of other substituted ManNAc
analogs. Recently, for example, Hackenberger and co-workers
investigated the C4-substituted ManNAc analog, termed Ac3-
4-azido-ManNAc and its incorporation into glycan structures
[30]. Interestingly, they found that Ac3-4-azido-ManNAc was
being metabolically accepted by the biosynthetic machinery
and was converted into the C7-azide of the resulting sialic acid
analog. Remarkably, treatment with PNGase F, an enzyme
that specifically cleaves N-glycans resulted in no loss of la-
beling, indicating that Ac3-4-azido-ManNAc was being spe-
cifically incorporated in to sialic acids of O-glycosylated pro-
teins. To visualize the sialic residues of O-glycosylated cell
surface proteins in live zebrafish, organisms were injected
with Ac3-4-azido-ManNAc at 24 h post fertilization (hpf)
and visualized following SpAAC with AlexaFluor 488-
DIBO at 72 hpf. Interestingly, strong labeling was seen in
regions of the central nervous system.

Unfortunately, first generation cyclooctyne SpAAC re-
agents suffer from poor water solubility, limiting their use in
biological environments. To overcome this, the chemical
structure of SpAAC reagents can be fine-tuned. For example,
the Bertozzi lab synthesized 6,7-dimethoxyazacyclooct-4-yne
(DIMAC), which contains a nitrogen atom within the ring
structure as well as two methoxy-substituents, interrupting
the hydrophobic surface resulting in improved polarity and
water solubility [31]. In a similar fashion, refining of
dibenzocyclooctyne structure can aide in improving the reac-
tivity without compromising the stability of the reagent. To
this end, Bertozzi and co-workers incorporated an amide with-
in the ring structure, reasoning that an amide has double bond
character due to its resonance structures [32]. The resulting
bizarylazacyclooctyne termed BARAC, resulted in high
signal-to-noise at nanomolar concentrations, therefore elimi-
nating the need for extensive washing steps after reaction.
When compared in cell-labeling experiments following treat-
ment with Ac4ManNAz, BARAC-biotin showed 10-fold
higher signal after 1 min compared to DIFO- and DIBO-
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biotin reagents, consistent with BARACs ~12-fold higher rate
constant. Further improving on this chemistry, a click-
activated fluorogenic coumarin-conjugated-BARAC
(coumBARAC) was later developed [33]. Later, Boons and
co-workers improved the solubility of DIBO by developing a
polar, highly sulfated version, termed S-DIBO, that was sub-
sequently found to be selective for only cell-surface modifica-
tion as it cannot pass through the cell membrane [34].

As described, azide-containing MCRs have been exten-
sively explored; however, Wong and co-workers were the first
to develop an alkyne-modified ManNAc analog called N-4-
pentynoylmannosamine (Ac4ManNAlk), for visualization of
fixed cells using CuAAC [35]. As the cellular sialic acid
biomachinery has been shown to tolerate variations at the N-
acetate position of ManNAc up to five carbons in length [36,
37], Hsu et al. reasoned that Ac4ManNAlk could be metabol-
ically incorporated and transformed in to SiaNAlk residues
displayed on the cell surface. Indeed, treatment of Hep3B cells
with Ac4ManNAlk followed by standard CuAAC with a
fluorogenic azido-hydroxycoumarin probe resulted in a 15-
fold increase in labeling over background and required less
reagent for efficient labeling when compared to azido
ManNAc. To expand the metabolic labeling strategy, Chen
and co-workers synthesized sialic acid analogs with two
bioorthogonal moieties, allowing for dual-color labeling or
enrichment of sialic acid binding proteins through a cross-
linker [38]. To this end, two bifunctional unnatural sialic acids
were synthesized, 9AzSiaNAlk and 9AzSiaDAz which con-
tain an azide at the C9 position and an alkyne or diazirine
photo-cross-linker on the N-acyl side chain. Notably, a sialic
acid bearing only the cross-linker had been previously used to
analyze glycoprotein interactions [39]. In an elegant proof-of-
principle experiment, the dimerization of CD22 (sialic acid-
binding immunoglobulin-like lectin 2) was captured using
photo-crosslinking. Subsequent reaction of cell lysates with
an alkyne-biotin tag allowed for the enrichment of CD22.
Analysis by Western blot using an anti-CD22 antibody re-
vealed photo-crosslinked CD22 in 9AzSiaDAz treated cells
while only monomeric CD22 was enriched in 9AzSia treated
cells. Furthermore, 9AzSiaNAlk can be utilized for two-color
and FRET-imaging.

Although improvements were achieved with the transition
from the Staudinger ligation to SpACC, alternative chemis-
tries have recently been explored to further enhance reaction
rates. For example, tetrazines are known to react irreversibly
with a variety of alkenes and alkynes through inverse electron-
demand Diels-Alder (IED-DA) reactions. To increase the rate
of IED-DA for its use in a bioorthogonal setting, examination
of various reaction partners have been explored. For example,
using the highly strained olefin trans-cyclooctene resulted in a
second order rate constant in aqueous solution of
6000 M−1 s−1, orders of magnitude higher than SpACC and
CuACC [40]. Additionally, tetrazines are inherently

fluorogenic, capable of quenching several common fluores-
cent probes showing a significant Bturn-on^ signal after reac-
tion through IED-DA, therefore lowering background caused
by nonspecific binding or accumulation making them benefi-
cial for intracellular imaging where removal of excess re-
agents can be problematic. Devaraj et al. first utilized
tetrazines in combination with a trans-cyclooctene to visualize
EGFR on the surface of live A549 lung carcinoma cells by
employing an cyclooctene-conjugated EGFR-antibody
followed by reaction with a tetrazine fluorophore [40]. Unfor-
tunately, metabolic incorporation demands small functional
groups, limiting the use of the large cyclooctene. To overcome
this, methylcyclopropenes were explored as a smaller alterna-
tive for live cell imaging. For example, methylcyclopropene-
tagged phospholipids were shown to label live human breast
cancer cells, opening up the possibility for the incorporation of
methylpropene moieties onto MCRs [41]. Due to their small
and abiotic nature, it was reasoned that methylcyclopropenes
would be useful in cellular labeling studies as modified sialic
acids are known to be metabolized and incorporated on to the
cell-surface. To this end, a methylcyclopropene-sialic acid
conjugate, termed 9-Cp-NeuAc, was synthesized and labeling
of cells was confirmed by flow cytometry. Interestingly, to
investigate whether cyclopropene- and azido-sugars could be
used together for live-cell labeling studies, 9-Cp-NeuAc and
9-Az-NeuAc were successfully used in tandem demonstrating
IED-DA and SpACC chemistries could be used simultaneous-
ly [42]. Further building on this idea, the Devaraj lab incor-
porated methylcyclopropene into an N-acyl mannosamine an-
alog termed Ac4ManNCyc [43]. Later, the Prescher lab intro-
duced a N-cyclopropenyl carbamate linked version called
Ac4ManCCp, which provided enhanced cellular fluorescence
by flow cytometry [44]. Additionally, Wittmann and co-
workers demonstrated that the alkene-modified derivative,
Ac4ManPtl, could also be metabolized to sialic acid residues
and visualized using fluorescent tetrazines [45]. More recent-
ly, Ac4ManCCp has been used simultaneously with
Ac4GlcNAz (see Mucins section below) for the visualization
of sialic acid and core mucin O-linked glycosylation [46].

Unfortunately, all cell-types with sialic acid residues are
labeled following treatment with an MCR limiting their use
for cell- or tissue-specific visualization. To overcome this is-
sue, Bertozzi and co-workers developed a strategy in which
ManNAz was delivered and enzymatically released in a cell-
specific manner [47]. Specifically, they set out to selectively
label cancer cells that overexpress a cancer specific prostate-
specific antigen (PSA) protease compared to healthy tissue.
To accomplish this, ManNAz was modified at its 6-hydroxyl
with a hexapeptide-PSA substrate by way of a p-aminobenzyl
alcohol linker. Following cleavage of the peptide substrate by
PSA protease, ManNAz is liberated and metabolically incor-
porated into the immediately surrounding cells resulting in
selective cell-surface labeling was as visualized using SpACC
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with DIFO reagents. Another method for the specific labeling
of cell-types is to take advantage of specific ligand/receptor
binding. For example, Chen and co-workers demonstrated
that 9-azido sialic acid (9-AzSia) could be caged in ligand-
displaying liposomes [48]. Termed ligand-targeted liposomal
delivery, recognition of the liposomal folate ligands by cellu-
lar folate receptors promotes the endocytosis and intracellular
delivery of 9-AzSia acid in a cell specific manner. This is
particularly important because folate receptors have been
shown to be overexpressed in a variety of cancers. Further-
more, liposomal delivery opened the door for the introduction
of many different ligands that target numerous receptors for
cell-specific delivery of MCRs for glycan labeling. In fact,
recent work by the Chen lab has extended this technique for
the visualization of sialylated glycans in living mice with mel-
anoma xenografts, which are known to overexpress integrin
αVβ3 [49]. Similar to above, 9-AzSia was encapsulated in a
liposome bearing an integrin αVβ3 cyclic pentapeptide
targeting ligand on its surface for its specific delivery, endo-
cytosis and subsequent visualization. The dynamic changes in
glycan synthesis within the tumors were observed over a 21-
day period.

Even in these cell-specific labeling experiments, treatment
of cells withMCRs results in the non-specific incorporation of
analogs into the large variety of cell-surface glycans, offering
no glycoprotein specific information. To gain another level of
specificity and to probe at the specific glycoprotein level, in-
tramolecular FRET probes have been developed that involve
intra-protein FRET transfer from an MCR-installed donor
molecule to the acceptor molecule on a protein of interest.
Several methods to install the FRET acceptor onto the protein
of interest have been explored, including genetic tagging with
green fluorescent protein (GFP) [50]. Specifically, following
protein GFP-tagging and expression, treatment of cells with
Ac4ManNAz results in the display of SiaNAz residues. Fol-
lowing SpACC click chemistry with a fluorescent tag, FRET
signal between the GFP-tagged protein and the newly
installed fluorophore is observed, allowing for protein-
specific visualization. As a proof-of-principle, this strategy
was used to visualize sialylated GLUT4 over time, demon-
strating that following insulin stimulation GLUT4 accumu-
lates at the cell-surface and is subsequently internalized after
insulin removal [50]. Unfortunately, this technique is ham-
pered by low FRET efficiency due to the spacial separation
of the FRET donor/acceptor through the membrane. Addition-
ally, the large size of GFP limits its use to the tagging of
cytosolic tails of proteins as fusion of GFP to the extracellular
end can result in difficulty in protein expression and translo-
cation [51]. An alternative FRET based method was therefore
developed in which the FRET donor/acceptor pair are located
on the same side of the membrane to enhance signal [52]. The
FRET acceptor was installed using CuAAC and the MCR
Ac4ManNAlk to incorporate SiaNAlk residues on the cell

surface. The FRET donor is installed by first genetically fus-
ing the protein of interest to a 13-amino acid peptide called
LpIA Acceptor Peptide (LAP). A mutant engineered enzyme
from E. Coli called lipoic acid ligase (LpIA) then recognizes
the LAP and ligates an azide-containing lipoic acid derivative.
Subsequent CuAACwith an alkyne-FRETacceptor allows for
glycoprotein-specific visualization. This technique was used
for the visualization of integrinαXβ2 glycoforms and revealed
a ~40 % increase in FRET efficiency when compared to the
transmembrane/GFP-FRET method.

Unfortunately, the scope of these FRET techniques is lim-
ited to proteins that can be genetically tagged and successfully
expressed, thereby excluding endogenous glycoproteins. This
can be overcome through the use of fragment-antigen binding
(Fab)-delivered FRET probes. Again, the FRET acceptor is
installed by metabolic labeling with Ac4ManNAz and subse-
quent click chemistry with a cyclooctyne-conjugated FRET
acceptor. Next, the FRET donor is selectively delivered to
the protein of interest using a protein-specific small
fragment-antigen binding (Fab) domain [53]. Specifically,
Bertozzi and co-workers demonstrated this technique in both
cell culture and tissue samples from human adenocarcinomas
to visualize integrin αVβ3, a cell-adhesion protein that is
known to be upregulated in prostate cancer.

Although synthetic mannosamine analogs have shown a
great deal of success in live-cell visualization, their incorpo-
ration relies on their ability to be converted into their sialic
acid products. To avoid this potential bottleneck, the direct
metabolic and chemoenzymatic installation of sialic acid ana-
logs has been explored [37]. Notaby, sialic acid analogs with
relatively bulky groups at the C-9 position, including aryl-
azide for photo-crosslinking applications [54], can be meta-
bolically incorporated into cells. Building upon these data, a
fluorescein-isothiocyanate (FITC) substituted sialic acid
(FITC-SA) was synthesized and intravenously injected into
the tail vein of mice containing hepatocellular carcinoma xe-
nografts. Interestingly, FITC-SAwas shown to selectively il-
luminate tumorous tissue with high signal-to-noise and a res-
olution that is significantly below the minimal residual cancer
limits pursued by surgeons [55]. Unfortunately, FITC-SA ex-
hibits green fluorescence which has limited tissue penetration
and suffers from a short in vivo lifetime making it difficult to
visualize during a surgical procedure. To address these short-
comings, a pH-activatable, near-infrared profluoregenic sialic
acid probe (SA-pNIR) was subsequently developed [56]. Dur-
ing cell-surface glycoprotein turnover, SA-pNIR containing
glycans are relocalized to the acidic lysosome, where the
dye becomes fluorescent. In addition to displaying long-term
retention by tumors, compared to FITC-SA, SA-pNIR con-
verts NIR irradiation into heat, causing cell death, which could
be useful in tumor-specific visualization and ablation.
Chemoenzymatic methods have also been developed that take
advantage of the inherent specificity of a recombinant
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sialyltransferase to deliver sialic acid-chemical reporters to the
cell surface of living cells for subsequent reaction with a vi-
sualization tag. For example, Boons and co-workers utilized a
recombinant rat ST6Gal I sialyltransferase to transfer CMP-
Neu6Ac9N3 to N-linked glycoconjugates on the cell surface
of human skin fibroblasts. SpAAC with S-DIBO-biotin and
incubation with an Alexafluor-streptavidin conjugate inabled
the specific visualization of cell surface N-linked glycans over
time [57].

Traditional labeling using chemical reporters involves a
two-step procedure in which a bioorthogonal moiety is first
installed by metabolic incorporation through the endogenous
cellular machinery. In a second step, visualization is then
achieved by reaction with a bioorthogonal fluorescent probe.
While this method has been fruitful in numerous aspects, its
success is dependent upon not only the incorporation of abi-
otic chemical groups small enough to be tolerated by the cell
but also the rate and efficiency of the secondary bioorthogonal
reaction. Therefore methods that allow for the direct visuali-
zation of unnatural glycans within cells without further deriv-
atization are an attractive alternative. Raman spectroscopy
uses Raman scattering to detect specific vibrational signals
of molecules. Common chemical reporters contain abiotic
functional groups such as the azide and the alkyne that possess
unique Raman scattering compared to the multitude of small
molecules found within the cell making them inertly
bioorthogonal with Raman scattering at around 2100 cm−1

[58]. Passive Raman spectroscopy requires high concentra-
tions of functional groups in cells because of the intrinsic
weakness of the signal. Chen and co-workers overcame this
obstacle by using surface-enhanced Raman spectroscopy
(SERS). Specifically, gold plasmonic nanoparticles (AuNPs)
were used as the Raman signal enhancer and were decorated
with 4-mercaptophenylboronic acids (MPBA) that show high
affinity for sialic acids. Following treatment with
Ac4ManNAlk, and incubation with MPBA-AuNPs, incorpo-
rated SiaNAlk residues can be easily distinguished in signal
from endogenous sialic acids and visualized using dark-field
microscopy. This method is not limited by the constraints of
bioorthogonal chemistry and thus enabled its expansion to
include other unnatural mannosamine derivatives including
peracetylated N-(3-cyano-propanoyl)mannosamine
(Ac4ManNCy) and n-trideutero-acetylmannosamine
([D3]Ac4ManNAc) [58]. Unfortunately, although SERS
simplifies traditional labeling methods by eliminating the
second visualization tag, the use of metallic nanoparticle
substrates to enhance the Raman signal limits the use of
the technique for intracellular glycan tracking and com-
plicates the procedure. Later work by the Chen lab dem-
onstrated that this could be overcome by using stimulated
Raman scattering (SRS) microscopy that utilizes two
beams to detect the vibrational frequency of the alkyne,
eliminating the use for additional materials [59]. This

improved Raman technique was used with Ac4ManNAlk
to visualize cell-surface modification of K20 cells.

Mucins

Mucin type O-linked glycosylation is the most abundant type
of cell-surface O-linked glycosylation and is characterized by
the linkage of α-N-acetyl-galactosamine (GalNAc) to serine
and threonine side chains. The core GalNAc residue ofmucins
is installed by enzymes called polypeptide N-acetyl-α-
galactosaminyltransferases (ppGalNAcTs) by way of a high-
energy UDP-donor sugar, UDP-GalNAc, in the Golgi. After
this initial modification event, the core GalNAc residue is
typically elaborated by other monosaccharides to generate an
oligosaccharide chain. Like sialic acids, the labeling of core
GalNAc residues can be achieved through metabolic incorpo-
ration of unnatural GalNAc residues using MCRs. Bertozzi
and co-workers were the first to demonstrate that an azide-
containing GalNAc, termed Ac4GalNAz, could be incorporat-
ed into the core position of mucins in living cells [60]. Its
presence was successfully detected by flow cytometry follow-
ing the Staudinger ligation with phosphine-FLAG and subse-
quent incubation with a FITC-conjugated antibody. While
monitoring glycosylation in cell culture is useful, many phys-
iologically relevant changes in glycosylation can be attributed
to small changes in a tissue microenvironment. Thus, labeling
of mucin modification of cells in culture with GalNAz was
soon expanded to the labeling of live organisms. To this end,
Ac4GalNAz was injected into live mice for 7 days at which
time spleens and other organs were harvested and were probed
for mucin modification ex vivo using the Staudinger reaction
with phosphine-FLAG [61]. Interestingly, harvested organs
exhibited differential labeling, and specifically, splenocytes
from Ac4GalNAz treated mice displayed two distinct popula-
tions consisting of high- or low-labeling efficiency and it was
later elucidated that the glycoproteins of B-cells in mice are
preferentially labeled over those of T-cells, allowing the use of
GalNAz for the targeting of specific splenocyte populations.

Labeling cells using GalNAz selects for mucins that are
newly synthesized, which allows for a unique snapshot of
not only glycan structures but also the activity of the biosyn-
thetic machinery. Therefore, the changes in incorporation of
Ac4GalNAz into glycans on the cell surface can serve as a
readout of different cellular states. Taking advantage of these
properties, Laughlin et al. sought to monitor such changes in
mucin glycosylation during the developmental stages of
zebrafish [62]. First, zebrafish were treated with Ac4GalNAz
to label their cell-surface glycans starting at 3 hpf. Subsequent
reaction with a DIFO-fluorescent tag yielded robust signal,
even after one minute of reaction. Longer time course exper-
iments lasting up to 72 hpf resulted in a strong fluorescence
intensity around the jaw region, pectoral fins and olfactory

450 Glycoconj J (2015) 32:443–454



organs in as little as 24 hpf. To further resolve distinct popu-
lations of glycans during the stages of development, two- and
three-color detection experiments in which Ac4GalNAz treat-
ments were administered at different times using different
DIFO dyes were conducted. Remarkably, visualization of dis-
tinct zones of de novo glycan synthesis was achieved that
would have otherwise gone unobserved with conventional
visualization methods. Soon after, Ac4GalNAz labeling was
applied to Caenorhabditis elegans, another common model
organism [63]. The worms were treated with the MCR to
visualize glycans during three stages of development. Impor-
tantly, while single color labeling in adult hermaphrodite
worms revealed concentrated areas of glycans during devel-
opment, it did not give insight into newly synthesized glycans
that are needed to study their dynamics. Dual color labeling
with Ac4GalNAz 12 h apart followed by SpAAC with DIFO-
dyes resulted two populations of glycans representing the two
treatment periods. Worms in the second stage of devel-
opment contained about equal amounts of the new and
old glycoprotein populations, while worms that were in
the adult stages showed pronounced labeling pharynx
region, which is known to have motive capabilities, in-
dicating that O-linked mucins could play a role in the
lubrication required for these processes.

Fucose

Fucose is a six-carbon deoxyhexose, a monosaccharide that is
commonly present at the terminal end of N- and O-linked
glycans and glycolipids synthesized bymammalian cells. Like
sialic acids, fucosylation has also been implicated in cell-cell
and cell-pathogen interactions and fucose levels are usually
elevated during development [64]. Fucose is added onto gly-
cans by enzymes called fucosyltransferases through an acti-
vated GDP-fucose. The labeling of fucosylated proteins takes
advantage of endogenous biosynthetic enzymes in the fucose
salvage pathway to incorporate fucose MCRs. For example,
similar to analogs of mannosamine and galactosamine previ-
ously described, a modified azido-fucose analog was synthe-
sized by Wong and co-workers. They confirmed that the sub-
sequently formed GDP-activated azido-fucose donor sugar
(FucAz) was accepted by human-1,3-fucosyltransferases (II-
VII) in vitro and was subsequently demonstrated to be meta-
bolically accepted by live cells and incorporated onto cell
surface fucosylated glycans. Fucose modified cell-surface ol-
igosaccharides of fixed cells were visualized following
CuAAC with an alkyne-containing fluorescent tag [65]. Si-
multaneously, the Bertozzi lab published the development of
additional 2-, 4- and 6-substituted fucose analogs and deter-
mined that 2- and 4-azido fucose were not metabolically in-
corporated, while 6-azido fucose showed labeling over back-
ground but was also unfortunately cytotoxic at high

concentrations in cell culture, limiting its use [66]. Interesting-
ly, an C-5 alkyne containing fucose analog (FucAlk) intro-
duced by theWong lab [35] was later shown to exhibit far less
cytotoxicity compared to FucAz, and visualization studies of
fixed cells using alkynyl fucose resulted in less background
signal compared to FucAz under CuAAC conditions. Wu and
co-workers then extended this technique to visualize the de-
velopmental cycles of zebrafish whose growth is known to be
accompanied by distinct changes in the glycan structure pro-
file [62]. Using chemoenzymatically synthesized GDP-
FucAlk, zebrafish embryos were microinjected at the one-
cell stage before being subjected to CuAACwith a fluorescent
probe [67]. Remarkably, the development of a biocompatible
Cu(I)-complex, bis(tert-butyltriazoly) ligand (BTTES), which
prevents cell permeability of the coordinated copper, allowed
for the use of copper catalyzed click chemistry in the presence
of living cells and organisms. In as little as 2.5 hpf, the visu-
alization of fucosylated glycans within the enveloping layer
was observed. Following this study, Bertozzi and co-workers
utilized GDP-FucAz and SpAAC for the visualization of
fucosylated cell-surface glycans in zebrafish during develop-
ment. In addition, this study also tested the labeling efficiency
of synthetic FucAz-1-phosphate, the metabolic precursor to
GDP-FucAz and revealed that although zebrafish
fucosyltransferases accept GDP-FucAz, FucAz-1-phosphate
did not result in labeling, indicating that the salvage-
pathway biosynthetic enzymes are not tolerant the C-6 azido
modification [68]. Improving upon their initial chemistry, the
Wu lab recently published the use of GDP-FucAlk with a rate
accelerating, chelating azide-assisted CuAAC reaction that
allowed for the visualization of fucosylated proteins in
zebrafish development at the two-cell stage for the first time
[69]. It is worth noting that similar reagents containing an
internal Cu(I)-chelating site within the azide partner have been
utilized to effectively increase the copper concentration at the
site of reaction allowing the use of less copper catalyst. De-
veloped by the Ting lab, these picolyl azide reagents have
recently been used to label transmembrane LAP-neurexin-
1B proteins on live HEK cells as well as LAP-neuroligin-1
on the surface of living rat hippocampal neurons following
installment of the alkyne by an E. coli derived lipoic acid
lipase [70].

In addition to global metabolic labeling experiments, fu-
cose analogs have been used to probe the presence of partic-
ular glycans on the cell surface by taking advantage of
chemoenzymatic modification. These experiments used a
H. pylori-1,3-fucosyltransferase that catalyzes the transfer of
fucose from GDP-fucose to the 3-hydroxy of GlcNAc in
LacNAc, a ubiquitous cell-surface glycan present in verte-
brates, enveloped viruses, and certain pathogenic bacteria.
The resulting FucAz on the surface of the living cells was then
visualized using SpAAC with an fluorescent cyclooctyne
(DIFO) [71]. This method allowed for the discrimination of
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LacNAc levels on the surface of mouse splenocytes, indicat-
ing that the degree of unmodified LacNAcylation correlates
with a cell’s activation status. The use of the chemoenzymatic
modification also allows for the observation of specific glycan
structures, such as those upregulated in cancer, presenting a
new strategy for biomarker detection. Specifically, the Hsieh-
Wilson lab utilized a bacterial homologue of the human blood
group A antigen glycosyltransferase (BgtA), to catalyze the
transfer of an azide- or ketone-bearing GalNAc residue onto
the C3 position of the glycan fucose-(α1-2)-galactose, a gly-
can known to be upregulated in cancer [72]. This technique
was used to successfully label and visualize live MCF-7 cells
after SpAAC. Furthermore, this technique was utilized to as-
say the levels of Fuc-(α1-2)-Gal in a panel of cancer and non-
cancer cell lines by flow cytometry. Notably LnCAP cells
(prostate cancer) showed a 53 % increase in display of
Fuc-(α1-2)-Gal compared to healthy tissue.

Conclusions and future outlook

Chemical methods have been uniquely enabling for the visu-
alization of glycans in living systems. In particular, the devel-
opment of metabolic chemical reporters has fundamentally
changed the types of imaging and characterization experi-
ments that can be performed. Through the creation of ever
improved bioorthogonal reactions, this method has moved
from the analysis of glycans on cells in culture to ex vivo
and in vivo applications in a variety of organisms. The more
recent development of stimulated Raman scattering, lays the
groundwork for the development of imaging systems that no
longer require the bioorthogonal attachment of visualization
tags. Despite the great progress that has been made in these
areas, several challenges remain. None of the direct visualiza-
tion techniques are completely specific for one type of glyco-
protein, nor do they necessarily exclude the labeling of other
glycoconjugates (i.e., glycolipids). For example, oxidation of
sialic acid residues generates aldehyde reactivity on both N-
linked and mucin O-linked glycoproteins, as well as sialic acid
containing glycolipids. Any subsequent visualization will nec-
essarily be a readout on this heterogeneous mixture of gly-
cans. MCRs are likely to suffer from this same issue, and we
and others have also demonstrated that the majority of MCRs
for glycosylation are also not selective for one type of carbo-
hydrate [73–76]. For example, treatment with Ac4GalNAz
can result in the labeling of certain glycophosphatidylinositol
(GPI) anchor-modified proteins [77]. Not necessarily surpris-
ing, it now also appears that the majority ofN-acetyl-modified
MCRs (e.g., GalNAz) can be metabolically interconverted to
other monosaccharides, resulting in at least some Boff-target^
labeling. We recently demonstrated that a different MCR, 6-
azido-6-deoxy-GlcNAc, is highly selective for intracellular O-
GlcNAc modifications [76], which should encourage the

continued development and characterization of new MCRs
that may be selective for another type of glycosylation. Simul-
taneous to continued work on chemical reporters, future effort
should also continue to focus on the development of improved
bioorthogonal reactions and visualization tags that can im-
prove in vivo labeling and imaging in mammals (e.g., positron
electron tomography). Finally, it is also possible that direct
imaging techniques, such as stimulated Raman scattering,
could be improved to the point where the requirement for
the bioorthogonal attachment of imaging tags would be obvi-
ated for in vivo experiments.
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