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Metabolic glycoengineering – exploring
glycosylation with bioorthogonal chemistry

Markus Kufleitner, † Lisa Maria Haiber † and Valentin Wittmann *

Glycans are involved in numerous biological recognition events. Being secondary gene products, their

labeling by genetic methods – comparable to GFP labeling of proteins – is not possible. To overcome

this limitation, metabolic glycoengineering (MGE, also known as metabolic oligosaccharide engineering,

MOE) has been developed. In this approach, cells or organisms are treated with synthetic carbohydrate

derivatives that are modified with a chemical reporter group. In the cytosol, the compounds are meta-

bolized and incorporated into newly synthesized glycoconjugates. Subsequently, the reporter groups

can be further derivatized in a bioorthogonal ligation reaction. In this way, glycans can be visualized or

isolated. Furthermore, diverse targeting strategies have been developed to direct drugs, nanoparticles, or

whole cells to a desired location. This review summarizes research in the field of MGE carried out in

recent years. After an introduction to the bioorthogonal ligation reactions that have been used in in con-

nection with MGE, an overview on carbohydrate derivatives for MGE is given. The last part of the review

focuses on the many applications of MGE starting from mammalian cells to experiments with animals

and other organisms.

1. Introduction

Glycosylation is a ubiquitous form of posttranslational
modification,1 and it has been estimated that a major propor-
tion of all proteins is glycosylated.2,3 Besides glycoproteins, also
glycolipids constitute an important class of glycoconjugates.
The glycans within these conjugates are involved in numerous

cellular recognition and regulation processes.1 Cell membrane-
anchored glycoproteins, for example, are indispensable for
cell–cell interaction, cell adhesion, proliferation, and differen-
tiation. Moreover, carbohydrate structures can be the target for
pathogens and toxins, and are involved in SARS-CoV-2
infection.4 Intracellular glycoproteins are found in all cell
compartments, and the proteins belong to nearly all functional
classes. Their functions reach from regulating protein activity,
controlling protein localization to influencing interactions
with other proteins or cellular pathways. Alterations in glycan
structures are decisive to various aspects of cancer cell
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behavior. Cell–surface carbohydrate patterns of glycoproteins
and glycolipids are altered in degenerated cells making them
suitable tumor markers and possible anchor points for diag-
nostic and therapeutic approaches. Genetic defects resulting in

aberrant glycosylation are often lethal or have major conse-
quences for living organisms.

While tagging of proteins with green fluorescent protein
(GFP) set a new benchmark for the visualization and analytics in
protein research,5 a comparable genetic method is not available
for carbohydrates, which are secondary gene products. Three
decades ago, metabolic oligosaccharide engineering (MOE) or
metabolic glycoengineering (MGE) as it will be referred to in
this review6 has been developed as a method to overcome
this limitation.7,8 When studying the biosynthesis pathway of
sialic acids, Reutter and coworkers found that N-propanoyl-D-
mannosamine is accepted by the cellular enzymatic machinery
in rats, converted to N-propanoylneuraminic acid and incorpo-
rated into cell surface glycans.9 Subsequently, the Bertozzi group
showed that not only aliphatic chain elongation is an accepted
modification for N-acetyl-D-mannosamine (ManNAc), but also
the introduction of functional groups.10 In this fashion, functio-
nalized glycans appeared on the cell surface, where they could be
labeled for detection. Today, MGE is an established and widely
used method for the labeling of not only sialic acids but all sorts
of glycan structures in cells and whole organisms including
animals.11–15

In this approach, synthetic sugar derivatives bearing a
functional group with a unique chemical reactivity – a so-
called chemical reporter group16 – are fed to cells or organisms
upon which they enter the salvage pathway and subsequently
are incorporated into the glycan structures by the biosynthetic

Fig. 1 Metabolic glycoengineering in mammalian cells with a simplified overview of the metabolic processes inside the cell resulting in incorporation
of a sugar modified with a chemical reporter group (R, R0) into glycan structures of glycoproteins. A subsequent bioorthogonal ligation reaction
allows further derivatization of the engineered glycan. Enzymatic steps allowing the interconversion between different monosaccharides are marked:
(a) GlcNAc 2-epimerase, (b) UDP-GlcNAc 2-epimerase, (c) UDP-galactose 4-epimerase (GALE).
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machinery of the cells (Fig. 1). Typically, peracetylated saccharides
are used in order to pass the cell membrane by passive diffusion
making the delivery of these compounds straightforward.17 Once
inside the cell, the sugars are deprotected by nonspecific esterases
and further metabolized to end up as ‘‘unnatural’’ sugar moieties
on glycosylated structures. Bioorthogonal ligation chemistry
allows further derivatization with various probes for visualization,
profiling, enrichment, or targeting the glycoconjugates. Depend-
ing on the incorporated chemical reporter group, different che-
mistries can be employed for bioorthogonal ligation.

For the application of MGE, it is fundamental to understand
the acceptance of the unnatural sugars by the involved enzymes
and the biosynthetic pathways of glycans. The fact, that natural
sugars and often also modified ones are converted into each
other by epimerases, makes the situation complex. In the
following, we describe the main metabolic pathways that are
crucial for MGE experiments (Fig. 1). Cell surface N- and O-
glycans as well as glycolipids can be heavily sialylated at the
non-reducing end of the glycan structures. ManNAc is the main
precursor for N-acetyl neuraminic acid (Neu5Ac), an abundant
representative of sialic acids. The metabolic pathway towards an
unnatural CMP-sialic acid, the activated nucleotide sugar used
by transferases, can be shortened when a modified sialic acid
derivative is directly used as a sugar reporter. However, ManNAc
derivatives are synthetically easier accessible than sialic acid
derivatives and, therefore, often the preferred precursors.

N-Acetyl-D-glucosamine (GlcNAc) derivatives can enter the
GlcNAc salvage pathway and are converted in three enzymatic
steps to the corresponding UDP-GlcNAc derivatives, which are
the substrate for O-GlcNAc-transferase (OGT) and other glyco-
syltransferases. OGT modifies proteins in the cytosol, nucleus,
and other cell compartments with a single GlcNAc residue
(O-GlcNAcylation). Furthermore, UDP-GlcNAc can be converted
to ManNAc by UDP-GlcNAc 2-epimerase enabling GlcNAc deri-
vatives to enter the metabolic pathway for sialic acids. Moreover,
also GlcNAc can be reversibly converted to ManNAc by GlcNAc
2-epimerase.18,19

UDP-GalNAc is synthesized in two enzymatic steps from
N-acetyl-D-galactosamine (GalNAc) in the GalNAc salvage
pathway. N-Acetylgalactosamine-transferases (GalNAc-Ts) use
UDP-GalNAc as activated nucleotide sugar to synthesize O-
GalNAc glycans that are further converted to mucin-type O-
glycans. UDP-GalNAc can be epimerized to UDP-GlcNAc by
UDP-galactose 4-epimerase (GALE). This allows GalNAc deriva-
tives to be used as O-GlcNAc reporters20 and potentially be even
converted to sialic acid derivatives. Finally, L-fucose (Fuc)
and derivatives thereof can be converted to GDP-Fuc, the
corresponding nucleotide sugar, which is the substrate for
fucosyltransferases.

With this toolbox in hand, numerous applications of MGE
are possible reaching from labeling cell surfaces in cell culture
to the tracing and profiling of glycans in organisms and the
development of diverse targeting strategies. The application of
MGE in combination with a subsequent bioorthogonal ligation
reaction to label glycans is advantageous over the use of lectins
or antibodies with low binding affinity or cross-reactivity

because the reporter group is directly embedded in the glycans
and reacts with high selectivity in the labeling reaction.11

Furthermore, the unnatural sugar derivative can be added at
different points of time allowing to detect changes of glycosyla-
tion levels e.g. in response to a signal. A limitation of MGE is the
altered acceptance of the unnatural sugars by the processing
enzymes, which can result is low incorporation efficiencies or
altered interconversion by epimerases. Another limitation of
MGE is the perturbation of the cellular system by feeding
unnatural carbohydrates, which might result in different glyco-
sylation levels and lowered recognition of glycans by their
binding partners.

In this review, we focus on the developments of the last
10 years. The ligation reactions that have been used in MGE
will be introduced in Chapter 2. An overview of carbohydrates
that are derivatized with a chemical reporter group and that
have been used in MGE, is given in Chapter 3. Chapter 4 then
summarizes applications of MGE starting from cell culture and
reaching to experiments in higher organisms. This article
focuses on the application of MGE in mammalian cells, tissue,
and animals. Other higher eukaryotic organisms including
zebrafish and plants are briefly discussed. MGE has also been
applied to bacteria as summarized in recent review articles.21–23

These studies are not included here.

2. Bioorthogonal ligation reactions for
MGE

Bioorthogonal reactions are defined as chemoselective reactions
that are so selective that they can be carried out even in living
cells or organisms without interaction or interference with the
biological system.16,24,25 The term bioorthogonal chemistry was
introduced by Bertozzi in 200326 although the general concept is
much older with strong roots in the field of bioconjugation. It is
questionable whether ‘‘truly’’ bioorthogonal reactions exist at all
because it will probably not be possible to exclude any inter-
action or interference with the biological system. However, the
degree of bioorthogonality of many reactions is impressive and
the concept has strongly advanced the field of chemical biology
and stimulated the way how chemists think about chemical
reactions. In 2022, Bertozzi, Meldal, and Sharpless were honored
with the Nobel prize in chemistry ‘‘for the development of
click chemistry and bioorthogonal chemistry’’.27 In this chapter,
we focus on bioorthogonal ligation reactions that have been
applied in MGE. For a more complete treatment of this topic,
the reader is referred to recent reviews on bioorthogonal
chemistry.28–34

2.1 Hydrazone ligation

The reaction of aldehydes and ketones with hydrazides leads to
the formation of acylhydrazones (Fig. 2A).35 In the very first
report on metabolic glycoengineering using a chemical reporter
group, ketone moieties were introduced into glycans by cultur-
ing cells with a ketone-modified ManNAc derivative, ManLev.10

Later, the peracetylated sugar Ac4ManLev was employed.36
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Subsequently, hydrazone ligation was used to modify the ketone
reporter groups with a hydrazide–biotin conjugate. Although not

truly bioorthogonal, the reaction was successfully utilized to
modify ketone-containing glycans on the cell surface.

Fig. 2 Ligation reactions used in combination with MGE.
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In general, hydrazone ligation tends to be incomplete and
slow (second-order rate constant k E 10�3 M�1 s�1)37 with the
possibility to increase the reaction speed by lowering the pH.35

Furthermore the reaction is reversible questioning the stability
of the formed conjugates. Nevertheless, the reaction found
widespread application in other areas than MGE, for example
for the preparation of carbohydrate and peptide conjugates, the
immobilization of carbohydrates on chip surfaces and many
more.38 In MGE, hydrazone ligation has been largely replaced
by ligation reactions with improved properties, such as the
azide–alkyne cycloaddition or inverse-electron-demand Diels–
Alder reaction, which will be described below.

2.2 Staudinger ligation

To overcome the limitations of the hydrazone ligation, Bertozzi
and coworkers developed the Staudinger ligation as a truly
bioorthogonal reaction.17 In the classical Staudinger reduction
reported in 1919, an azide is reduced by a phosphine, such as
triphenyl phosphine, to yield an amine.39 As an intermediate, a
nucleophilic azaylide (also termed iminophosphorane) is
formed under release of nitrogen. By introducing an electro-
philic trap (e.g., a methyl ester) to the phosphine, this nucleo-
philic intermediate can be trapped to form a stable amide bond
(Fig. 2B).17,40 In contrast to aldehydes and ketones required for
hydrazone ligation, azides are not yet found to occur in
biological systems.41 Azides are weak electrophiles that are
inert to nucleophilic attack. In combination with their small
size that causes only minimal changes in a molecule, these
properties make azides frequently used reporter groups that
cannot only be used for Staudinger ligation but also for azide–
alkyne cycloadditions (vide infra).

The Staudinger ligation was the first example of a bioortho-
gonal ligation reaction, which can be performed not only in cell
culture, but also in living animals, allowing new possibilities for
application.42 However, compared with newer ligation reactions,
the Staudinger ligation is rather slow (k E 4 � 10�3 M�1 s�1).40

A traceless version of the reaction has been also reported.43,44 In
this variant, the phosphine oxide residue is cleaved off during
the hydrolysis step.

2.3 Copper-catalyzed azide–alkyne cycloaddition

The copper catalyzed azide–alkyne [3+2] cycloaddition (CuAAC)
leading to the formation of 1,4-disubstituted triazoles (Fig. 2C)
is one of the most prominent bioorthogonal ligation reactions as it
is fast, reliable, and high yielding. Terminal alkynes and azides are
convenient functionalities to react in a biological environment.
Alkynes appear in biological systems only rarely45,46 and do not
tend to interact with the functional groups occurring inside cells.
As an improvement of the original Huisgen azide–alkyne
cycloaddition,47,48 the copper(I)-catalyzed version was indepen-
dently published in 2002 by Meldal49 and Fokin and Sharpless.50

With a second order rate constant k of 100–104 M�1 s�1,34 it is
orders of magnitude faster than the uncatalyzed reaction. The
reaction proceeds via a binuclear copper acetylide intermediate
as determined by heat-flow reaction calorimetry and crossover

experiments with differently isotopically enriched copper
complexes.51

Experimentally, the copper(I) species can be either used
directly or be generated in situ by adding copper(II) salts and a
reducing agent, for example sodium ascorbate or tris(2-carbo-
xyethyl)phosphine (TCEP).50 The addition of copper(I) ligands,
such as the ones depicted in Fig. 3, improves the reaction by
maintaining the oxidative state of the copper species and
protection of biomolecules from oxidative harm during the
bioorthogonal reaction.52,53 Numerous copper(I) ligands including
water-soluble ones have been reported28 although not all of them
have been applied in MGE. CuAAC is broadly used for bioortho-
gonal labeling, however, it is limited in its application when it
comes to living systems. Copper species can lead to oxidative
stress inside cells and interact with cysteine thiols.54 Although the
above-mentioned copper ligands reduce these effects, they cannot
fully overcome the toxicity problem. Nevertheless, labeling of the
surface of living cells is possible as was shown after MGE with an
azido mannosamine derivative.55 CuAAC is not only popular in
bioconjugate chemistry but in all areas of chemistry including
drug discovery, proteomics, and material science.56,57

2.4 Strain-promoted azide–alkyne cycloaddition

In 1961, Wittig and Krebs characterized the product of the
quickly proceeding reaction between cyclooctyne and phenyl
azide to be a triazole.58 Based on this observation, the Bertozzi
group established this strain-promoted azide–alkyne cycloaddi-
tion (SPAAC, Fig. 2D) as a bioorthogonal ligation reaction using
an azido modified sugar derivative.59 Cyclooctyne, which is the
smallest cycloalkyne that can be isolated and stored without
decomposition, has bond angles of the sp-hybridized carbons
of 1531 and 1551 leading to a significant amount of ring
strain.60 These bond angles are closer to the transition state
geometry of the Huisgen azide–alkyne cycloaddition than those
of an acyclic terminal alkyne. Accordingly, the increased reac-
tivity of cyclooctynes with azides can be explained by the lower
energy required to distort the alkyne into the transition-state
geometry.60

Although SPAAC of cyclooctyne proceeds much faster than
the original Huisgen 1,3-dipolar cycloaddition, the reaction is
still relatively slow. After the seminal paper by Bertozzi,59

several attempts have been undertaken to accelerate the reac-
tion rate of this reaction which is nowadays often referred to as

Fig. 3 Copper(I) ligands frequently used for CuAAC.
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‘‘copper-free click reaction’’. For example, fluorine substituents
adjacent to the alkyne functionality61–63 increase the inter-
action energy and thereby the reaction rate.60 (Di)benzoannula-
tion is another means to accelerate the reaction. The effect has
been explained by the increased ring strain due to the presence
of several sp2-hybridized carbon atoms resulting in a decreased
distortion energy.64 However, more recent studies employing
distortion/interaction analysis explain the increased reaction
rate by a greater interaction energy.65 For a detailed analysis of
the mechanism of SPAAC and other metal-free bioorthogonal
ligation reactions see the recent review article from Franzini.29

Further examples of cyclooctyne derivatives for SPAAC have
been developed.29,66 Today, the cyclooctynes most commonly
used in SPAAC are DIBO, BCN, and DIBAC (also known as
ADIBO or DBCO, the latter of which is now the most commonly
used abbreviation) (Fig. 4), which represent a good compromise
between reactivity and stability. Furthermore, they are commercially
available. While cyclooctynes are inert against amines and hydroxy
groups, they react with thiols67 which limits application of SPAAC
inside living cells. Although originally developed for MGE,59 SPAAC
is now part and parcel of the toolkit of bioorthogonal ligation and
used in numerous applications.66

2.5 Inverse-electron-demand Diels–Alder reaction

The inverse electron demand Diels–Alder (IEDDA) reaction of
1,2,4,5-tetrazines, acting as electron-poor dienes, with electron-
rich dienophiles (Fig. 2E) was initially reported in 1959.68 In
2008, the reaction was applied by three research groups for the
first time in the field of bioconjugation. The Fox group used
trans-cyclooctene (TCO) as dienophile,69 the Hilderbrand group
used norbornene,70 and the Braun group a tetracyclic dieno-
phile containing a cyclobutene and a second strained alkene71

allowing even a sequential ligation reaction. Since then, the
IEDDA reaction has developed to one of the most often applied
ligation reactions. Among the reasons for its popularity are the
fast reaction kinetics, especially when carried out in water, with
second-order rate constants up to 106 M�1 s�1 without the need
for metal catalysts, its bioorthogonality, and the fact that the
reaction is irreversible (in contrast to the normal-electron-
demand Diels–Alder reaction). The IEDDA ligation proceeds
in two steps, a cycloaddition to a bicyclic intermediate followed
by a retro-Diels–Alder reaction accompanied by nitrogen gas
release (accounting for the irreversibility). The formed dihydro-
pyridazines can exist in several tautomeric forms and are often
further oxidized to the aromatic pyridazines by either oxygen or
excess of tetrazine.

Dienophiles span an enormous range of reactivity for the
IEDDA reaction with tetrazines. Whereas TCO derivatives are
the fastest reaction partners for tetrazines known, two aspects
limit their suitability for MGE. TCOs have a limited stability
and can isomerize to cis-cyclooctynes that have a reactivity
many orders of magnitude below that of TCOs. In addition,
TCOs are sterically demanding groups limiting their application
as reporter groups in metabolic labeling. Accordingly, the first
application of the IEDDA reaction in combination with MGE
made use of 1-methylcyclopropenes.72 The methyl substituent at
the double bond increases the stability of cyclopropene towards
nucleophilic attack and polymerization. Later on, however, also
derivatives without a methyl substituent that are stable enough
to survive the conditions during MGE have been developed.73,74

Depending on the type of attachment of the cyclopropene
moiety, its reactivity with tetrazines can vary significantly. For
example, a carbamate-modified methylcyclopropene was shown
to react 100 times faster than an amide-modified derivative.75

Terminal alkenes represent alternative dienophiles for the IEDDA
reaction with tetrazines. Their reactivity is even lower than that of
cyclopropenes (k E 10�3–10�1 M�1 s�1) but they do not suffer
from any instability issues making them a label of choice when
reaction speed is not a limiting issue. More recently, even large
reporters, such as norbornenes76 and TCO77 have been employed
for MGE. A major advantage of the IEDDA reaction over CuAAC
and SPAAC is its suitability for applications inside living cells. In
the field of MGE, this has been demonstrated for studying
protein-specific O-GlcNAcylation of EGFP-labeled proteins by
FLIM-FRET microscopy.78

2.6 Isonitrile-tetrazine and isonitrile–chlorooxime ligation

Isonitriles are promising reporter groups due to their small size
and compatibility with biological systems. They can participate
in two different bioorthogonal ligation reactions (Fig. 2F). With
tetrazines, they react in a [4+1] cycloaddition to form – via
unstable tetraazanorbornadienimines – under nitrogen release
4H-pyrazol-4-imine derivatives. Tertiary isonitriles react faster
(k E 0.6 M�1 s�1) than primary isonitriles (k E 0.1 M�1 s�1)
and form products that are quite stable in aqueous systems
with a half-life of several days.79 Hexosamine derivatives with
tertiary isonitriles as reporter groups showed only limited
success in MGE so far, possibly due to their large size.80 MGE
employing hexosamine derivatives with primary isonitriles on
the other hand resulted in much higher signal-to-background
ratio after cell–surface labeling. However, it is crucial to design
the isonitrile in a way that the cycloaddition product with the
tetrazine is stabilized and does not quickly hydrolyze.79,80

Currently the isonitrile–tetrazine reaction is more often used
for click-to-release strategies than as a ligation reaction.81

Recently, a second bioorthogonal ligation reaction with
isonitriles as reporter group, the isonitrile–chlorooxime liga-
tion, was reported by the Wennemers group.82 Here, the
chlorooxime releases hydrogen chloride in aqueous solution
and forms a nitrile oxide, which can be attacked by the
isonitrile. The formed nitrilium ion can further react with water
to form an a-hydroxyimino amide. The rate constant of the

Fig. 4 Cyclooctynes commonly used in SPAAC.
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reaction was determined to be k E 1 M�1 s�1. In a cellular
context, a ManNAc derivative with an isonitrile reporter group
was used to visualize cell surface glycosylation after labeling
with the isonitrile–chlorooxime ligation. The limited stability of
the chlorooxime prevents its use as a reporter group. A limita-
tion of the isonitrile–chlorooxime ligation is the interference of
thiols. This issue can be addressed by performing the reaction
at pH 5.5, conditions which are not met inside living cells.
Therefore, the reaction is not suitable for intracellular applica-
tions but can be applied on the cell surface.

2.7 Sydnone–alkyne cycloaddition

Another bioorthogonal [3+2] cycloaddition is the reaction of
arylsydnones with alkynes (Fig. 2G). As the other [3+2] cycload-
ditions mentioned before, this reaction is also based on the
early work of Huisgen.83 In earlier studies, a copper-catalyzed
version of this reaction with terminal alkynes has been
reported.84 Similar to SPAAC, it is possible to circumvent the
need for copper-catalysis by utilizing ring-strained alkynes as
driving force of the reaction.85 For bioconjugation, mainly BCN
is used as the ring-strained alkyne of choice. The reaction rate
can be further accelerated by introducing halogen substituents,
especially chloro substituents, at the 4 position of the sydnone
resulting in second-order rate constants (kE 10�2–100 M�1 s�1)
comparable to those for SPAAC.86,87 Different fluorogenic syd-
none probes have been reported for protein labeling.88,89 More-
over, the reaction has been used also for bioconjugation after
MGE90 and to label DNA postsynthetically.91

2.8 Photoclick reaction

In 2007, Lin and coworkers re-discovered the possibility to
synthesize pyrazolines via a photoactivated 1,3-dipolar cycload-
dition (Fig. 2H),92 which was already reported by Huisgen in
1967.93 The first step is the photoinduced generation of a nitrile
imine from a 2,5-diaryl-tetrazole, which proceeds fast with a first-
order rate constant of k1E 0.1 s�1.94 The following cycloaddition
between the nitrile imine and a favorably electron-poor alkene
leads to the formation of a fluorescent pyrazoline and is the rate
determining step (k2 E 5–60 M�1 s�1).95

The effects of substituents at the tetrazole as well as the
influence of the alkene on reaction kinetics, stability, conversion
rate and irradiation wavelength were investigated by the Lin
group leading to the successful labeling of proteins with geneti-
cally encoded alkene-functionalized amino acids.95–98 In 2019,
the Wittmann group demonstrated the application of the photo-
click reaction in MGE.99 The reaction was further deployed in
nucleic acid modification100 and in material science101,102 For
the application in bioorthogonal chemistry the photoclick reac-
tion benefits from the lack of toxic metal catalysts, time and
spatial monitoring and fast reaction kinetics.

3. Sugar derivatives for MGE

Fig. 5 depicts selected carbohydrate derivatives that have been
used for MGE, which can enter the biosynthetic network shown

in Fig. 1 at different points of entry. Most of these derivatives
are peracetylated to facilitate cellular uptake by passive diffusion
over the cell membrane. Some derivatives contain protected
phosphate groups at the anomeric center to bypass potential
bottlenecks within the biosynthetic pathways. The application of
these sugar derivatives in various experiments is described in
Chapter 4.

4. Application of MGE: from cells to
organisms
4.1 Visualization of glycosylation in cell culture

The first reports on MGE described the detection of cell surface
glycosylation by flow cytometry making use of ketone- and
azide-modified ManNAc derivatives, ManNLev and later
Ac4ManNAz, which are metabolized to and incorporated as
sialic acids.10,17 The concurrent labeling with Ac4ManNLev
and Ac4ManNAz combining hydrazone ligation and Staudinger
ligation was reported soon after by the Bertozzi group.36 In
2006, the Wong group reported the use of Ac4Fuc6Az to
visualize glycosylation by confocal fluorescence microscopy
after labeling glycoconjugates of fixed cells with a dye by
CuAAC.103 The Bertozzi group imaged sialylated glycans after
incubating cells with Ac4ManNAz and labeling with a phos-
phine–dye conjugate by Staudinger ligation.104 In the following,
alkynyl-modified monosaccharides, Ac4Fuc6Alk and Ac4Man-
NAlk, were developed and used in combination with CuAAC to
image fixed cells.105 Another alkynyl-fucose, Ac4Fuc7Alk, was
reported later.106 Elongation of the carbon chain between the
reporter group and the sugar led to a more specific substrate for
fucosyltransferase FUT8, which is responsible for core fucosyla-
tion of N-glycans. Visualization was achieved by a two-step
labeling after CuAAC with biotin azide and a dye–streptavidin
conjugate (Fig. 6A).

Since the selective incorporation of unnatural sugar repor-
ters into the glycan structures of a single protein is inherently
difficult, techniques were developed to allow protein-specific
visualization of glycosylation. These approaches mainly rely on
the introduction of a second probe targeting the protein of
interest to achieve selectivity although all glycans are stained by
MGE. Förster resonance energy transfer (FRET) based fluorescence
microscopy of a GFP-tagged protein with labeled glycans was
established and used to detect the effect of different glycoforms
on the internalization behavior of GLUT4 glucose transporter.107 A
two-photon fluorescence lifetime imaging microscopy (FLIM)
approach further addressed the protein-specific imaging.108 Glyco-
proteins were labeled with Ac4ManNAz, and a second fluorophore
was introduced with a small, tagged antigen-binding fragment
making this technique independent of the need for GFP-tagged
proteins. Recently a similar approach was reported.109 Here, fluor-
escently labeled aptamers in combination with MGE with Ac4Man-
NAz enabled to study the glycosylation of specific exosomal
proteins. Ac4ManNAlk was used for protein-specific imaging of
sialylated glycans with a method based on cis-membrane FRET.110

Using IEDDA chemistry, it is possible to visualize protein-specific
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labeling even within living cells.78 Imaging of neighboring sugars
was reported with an upconversion luminescent nanoparticle
functionalized with an aptamer to allow targeting of specific
proteins.111 Another method was specifically designed to address
receptor proteins.112 In this approach, the donor fluorophore was
fused to a receptor-specific ligand to bring it in proximity to the
glycan structures of the protein.

Other techniques for signal creation or enhancement for
imaging were adapted for MGE. DNA rolling circle amplifica-
tion was used to detect cell surface glycosylation after incubat-
ing cells with azido sugars in low concentrations of 5 mM.113,114

Proximity-induced hybridization chain reaction was shown to
be suitable for visualizing protein-specific sialylation after
incubating cells with Ac4ManNAz and subsequent treatment
with two DNA probes, one specific for the unnatural sugar and

one specific for the protein of interest.115 Another study com-
bined hybridization chain reaction with FRET to visualize
GalNAz on the cell surface.116

Starting in 2012, the IEDDA reaction emerged as a ligation
reaction for MGE especially suitable for live cell imaging.31 A
variety of reporter groups was presented, differing in their size
and reaction kinetics in the IEDDA reaction. ManNAc deriva-
tives modified with terminal alkenes were used to visualize cell
surface sialylation with IEDDA chemistry.117 Simultaneous
incubation of cells with pentenyl-modified Ac4ManNPtl and
Ac4GalNAz followed by IEDDA and SPAAC labeling allowed the
dual labeling of two different sugars after MGE (Fig. 6B and C).
Alteration of the linkage of the alkene reporter group to the
sugar from an amide bond to a carbamate resulted in another
set of alkene-modified ManNAc derivatives suitable for cell

Fig. 5 Carbohydrate derivatives functionalized with a chemical reporter group for MGE.
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surface visualization.118 The influence of the different types of
linkages and the size of the reporter groups on the reaction
kinetics and incorporation efficiencies determined by DMB
labeling were intensively studied.119 Another study specifically
investigated the efficiencies with which different monosacchar-
ides with different reporter groups are incorporated as sialic
acids and their effect on the overall sialylation level of cells.120

Three different galactose derivatives modified with terminal
alkenes were synthesized and used to study the glycosylation of
hepatic cells and the interplay with infections by Plasmodium
parasites.121

Cyclopropenes turned out to be reporter groups with high
reactivity in the IEDDA reaction and a small size, which is crucial
for successful sugar incorporation. The first cyclopropene-
modified sugar, 9-Cp-NeuAc,72 was introduced by Prescher and
coworkers, and the first cyclopropene-modified ManNAc deriva-
tive, Ac4ManNCyc,122 followed soon after by the Devaraj group.
Alteration of the amide linkage between the cyclopropene and the
sugar to a carbamate linkage resulted in a drastic increase of the
IEDDA reaction rate and a new set of cyclopropene-functionalized
aminosugars.123–125 Omitting themethyl substituent at the double
bond of the cyclopropene resulted in a minimal cyclopropene
reporter.73 In a comparative study, different cyclopropene-
modified aminosugars and their properties relevant for MGE were
recently investigated by the Wittmann group.74 Moreover,

sugars with larger reporter groups, which can be labeled by
IEDDA chemistry, were synthesized and used for MGE.
Norbornenes,76 bicyclononynes,126 and trans-cyclooctenes77

are relevant when high reactivity is more important than high
incorporation efficiency.

The Leeper group synthesized a set of aminosugars function-
alized with primary as well as tertiary isonitriles.80 The ManNAc
derivative Ac4ManN-n-Iso and the GlcNAc derivative Ac4GlcN-n-
Iso were used for cell–surface imaging of fixed cells after labeling
through isonitrile–tetrazine ligation. Different combinations of
these two derivatives with azide-modified sugars allowed the
dual labeling by isonitrile–tetrazine chemistry and SPAAC.127

The isonitrile–chlorooxime ligation was established as a bioor-
thogonal ligation reaction and used for imaging of cell surface
glycans of living cells as a prove of applicability of the new
reaction.82 Cells were incubated with Ac4ManN-n-Iso, reacted
with a chlorooxime–biotin conjugate and stained with an avidin–
dye conjugate. Additionally, dual labeling with Ac4ManNAz
labeled by SPAAC was shown.

With Ac4ManNAcryl, the Wittmann group reported the ManNAc
derivative modified with the smallest alkene reporter possible.99

This a,b-unsaturated amide does not react with tetrazines but
can be labeled by photoclick chemistry with nitrile imines
generated from tetrazoles upon irradiation. The unexpected
observation that a carbamate-linked methylcyclopropene had

Fig. 6 (A) Fluorescence microscopy images of fixed MEF cells treated with Ac4Fuc7Alk and labeled with an azide–biotin conjugate followed by
streptavidin-AlexaFluor488 staining. Nuclei were counter stained with DAPI. Scale bar: 10 mm. Reproduced with the permission from ref. 106. Copyright
2016, Elsevier Ltd. (B) Schematic depiction of a dual-labeling strategy for MGE with alkene-modified Ac4ManNPtl and azide-modified Ac4GalNAz and
subsequent labeling with two orthogonal ligation reactions. Reproduced with the permission from ref. 117. Copyright 2013, Wiley-VCH Verlag GmbH &
Co. KGaA. (C) Fluorescence microscopy image of live HeLa cells after dual labeling with two different sugars and staining with a combination of the
IEDDA reaction and SPAAC. Scale bar: 35 mm. Reproduced with the permission from ref. 117. Copyright 2013, Wiley-VCH Verlag GmbH & Co. KGaA. (D)
Schematic depiction of glycoRNA as a new class of glycosylated structures next to glycoproteins and glycolipids. Reproduced with the permission from
ref. 135. Copyright 2021. Elsevier Ltd. (E) Visualization of incorporation of ManNAz into glycoRNA in mice after labeling with DBCO-biotin and staining
with streptavidin-IR800 (Strep). SYBR Gold (Sybr) staining was used to visualize the total RNA level. Reproduced with the permission from ref. 135.
Copyright 2021. Elsevier Ltd.
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only a low reactivity in the photoclick ligation was exploited to
achieve a triple-orthogonal labeling of glycans by combination
of photoclick, IEDDA, and SPAAC chemistry.99

Friscourt and coworkers synthesized sialic acid derivatives
with a chlorosydnone modification for use in MGE and sub-
sequent labeling with a cyclooctyne.90 Fluorescence microscopy
revealed a distinct cell surface staining for cells treated with a
sialic acid derivative modified in the 9 position (Neu9NSydCl).
No staining was observed when cells were incubated with a
sialic acid derivative with a chlorosydnone modification in the
5-position. Studies with purified enzymes showed that CMP-
sialic acid synthetase does not accept the latter derivative as
a substrate. Moreover, it was shown that Neu9NSydCl is pre-
ferentially incorporated by sialyltransferase ST6Gal-I over
ST3Gal-IV making this derivative selective to study a2,6-N-linked
sialoproteins. An imidazolium-tagged mannosamine derivative,
Ac4ManN-ITag, was used to label cells non-covalently with an
N-nitrilotriacetate–dye conjugate.128 Moreover, it was shown that
glycoproteins with metabolically incorporated imidazolium tag
can be enriched by ion exchange chromatography.

The Kohler group intensively studied diazirine-modified
sugars for photocrosslinking.129 A set of ManNAc derivatives,
which differ in the chain length between sugar and diazirine
moiety, was synthesized.130 These reporters were used to study
the interaction of glycan-binding proteins with their ligands
and to covalently capture the complexes formed by cholera
toxin and galectin-1.131,132

Organelle-directed metabolic glycan labeling was reported
using 9AzSia and the acidity-promoted accumulation of optical
probes conjugated to DBCO within lysosomes.133 Ac4ManNAz
was used to setup a toxicity assay for neuronal cells based on
the quantification of sialic acid incorporation into cell surface
glycans.134 It turned out that the sialylation level in neurons can
be used as a sensitive viability parameter that it is affected by
mitochondrial respiration inhibitors even before other
parameters.

Recently, Bertozzi and coworkers reported that not only
lipids and proteins are glycosylated but also small noncoding
RNA (Fig. 6D).135 For discovering the existence and localization
of these glycoRNAs on the cell surface, Ac4ManNAz was used
(Fig. 6E). Furthermore, it was reported that these glycans are
rich in sialic acid and fucose and biosynthesized by the same
machinery as N-glycans.

MGE can also be applied for redesigning cell surfaces, which
turned out to be an efficient and robust method that can avoid
genetic modification.136,137 Ac4ManNAz was used as precursor
for engineering cell surfaces with azides. SPAAC with DBCO-
poly(hydroxyethyl acrylamide) derivatives enabled homogenous
cell coating with synthetic polymers, which were stable across
several cell cycles.137 Possible future applications include cell
tracking or cell-based therapies. Ac4ManNAz was also used to
label HeLa cell surfaces, followed by SPAAC with DBCO ionic
probes.138 This could decrease negative charges on cancer cell
surfaces deriving from hyper sialyation. As a result of this
modification, cell migration was reduced without interfering
drug sensitivity.

The examples selected within this section depict the devel-
opment of MGE and the subsequent detection or visualization
of the modified glycans by flow cytometry and later by steadily
improving fluorescence microscopy techniques. These studies
highlight the opportunities of MGE to study glycans and to
identify new classes of glycosylated biomolecules, such as
glycoRNA.

4.2 Investigation of O-GlcNAcylation

The attachment of a single N-acetylglucosamine residue to serine
or threonine side chains is called O-GlcNAcylation.139,140 This
type of glycosylation is found on nearly all functional classes of
intracellular proteins.141 The dynamic nature of O-GlcNAcylation
arising from the transferase OGT and the glycosyl hydrolase
O-GlcNAcase (OGA), the two only O-GlcNAc cycling enzymes, and
its interplay with phosphorylation gives a yet complex glycosyla-
tion pattern. Earlier studies showed that the crosstalk between
carbohydrates can heavily influence the incorporation of unna-
tural sugars as O-GlcNAc during MGE. It turned out that not only
Ac4GlcNAz can be used to study O-GlcNAcylation but also
Ac4GalNAz, which can be converted by the enzymatic machinery
to UDP-GlcNAz.20 The crosstalk can be suppressed by using
larger reporter groups. Pratt and coworkers introduced Ac4Glc-
NAlk to study O-GlcNAcylation and found that it results in
a different incorporation pattern than Ac4GalNAlk.

142 With this
new derivative, they confirmed the O-GlcNAcylation of the ubi-
quitin ligase NEDD4-1.

Later, different new sugar derivatives were synthesized and
presented as more specific reporters for O-GlcNAcylation.
Ac34dGlcNAz appeared to be accepted by OGT but not by
OGA or glycosyltransferases involved in the biosynthesis of cell
surface N- and O-glycans.143 The use of Ac36AzGlcNAc allowed
the identification of a variety of new O-GlcNAcylated proteins.144

Ac36AzGlcNAc was also used to investigate the life time of
O-GlcNAcylation on proteins.145 This new method, relying on
metabolic pulse-chase labeling, stable isotope labeling with
amino acids in cell culture (SILAC), and LC-MS/MS analysis,
allowed differentiation between dynamic and stable O-GlcNAc
modifications (Fig. 7A). A set of stably O-GlcNAcylated proteins
was found to be associated with the box C/C small nucleolar
ribonucleoprotein complex. Ac36AzGlcNAc was chosen in this
study because it is not converted to 6AzGalNAc and does not
appear on the cell surface. However, this benefit comes along
with an overall weaker signal intensity. Therefore, Ac4GalNAz was
used to increase labeling efficiency when the O-GlcNAcylation of
single proteins was investigated after an immunoprecipitation.

Vocadlo and coworkers used Ac4GalNAz in a time course
metabolic feeding experiment in Drosophila larvae and com-
bined it with next generation DNA sequencing to investigate the
half-life and dynamics of O-GlcNAc on chromatin-associated
proteins (Fig. 7B).146 Loss of OGA activity by knock-out leads to
a slight increase (about 3-fold) in half-life of these proteins.
Ac4GalNAz was also used as an O-GlcNAc reporter to study the
role of this glycosylation during T-cell activation.147 An isotope-
labeled, acid cleavable biotin–alkyne conjugate was used to
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Fig. 7 (A) Schematic workflow for isotopic (heavy and light) labeling and pulse-chase feeding with Ac36AzGlcNAc. After enrichment of glycoproteins,
quantitative proteomic analysis is used to gather information about stability of O-GlcNAc sites. Reproduced with the permission from ref. 145. Copyright
2017, The Proceedings of the National Academy of Sciences. (B) Workflow to feed Drosophila larvae with Ac4GalNAz and following steps to study
chromatin-associated proteins and their O-GlcNAc dynamics. Reproduced with the permission from ref. 146. Copyright 2019, American Chemical
Society. (C) Workflow to obtain O-GlcNAcylated, truncated proteins released from the ribosome upon treatment with propargyl-modifed puromycin (2).
Reproduced with the permission from ref. 155. Copyright 2020, American Chemical Society. (D) Representative visualization of O-GlcNAcylation of
truncated proteins after staining with Cy5.5, shown for avi-tagged Nup153. Reproduced with the permission from ref. 155. Copyright 2020, American
Chemical Society. (E) Visualized O-GlcNAcylation of eGFP-tagged proteins in living cells by FLIM-FRET. Reproduced with the permission from ref. 78.
Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA.



522

enrich and prepare peptides for quantitative LC-MS/MS
analysis.

The broad substrate acceptance of OGT was shown by two
groups at the same time, when they introduced Ac42AzGlc as a
reporter for O-GlcNAcylation.148,149 This derivative leads to less
cell surface staining compared to Ac4GalNAz and behaves more
similar to Ac36AzGlcNAc.

149 Furthermore, it was shown that
OGT can even accept UDP-Glc as a substrate.148 Ac36AzGalNAc
was also used to label mainly cytosolic and O-GlcNAcylated
proteins.150 Recently, Ac34FGalNAz appeared to be a precursor
for an OGT substrate and interfered with the authors’ plans to
find a GalNAc analog as a reporter specifically for mucin-type
O-linked glycans.151 Moreover, it was shown that even UDP-
GalNAc can be attached to proteins by OGT making the design
of selective GalNAc reporters extremely difficult.

The Vocadlo group synthesized GlcNAc derivatives that are
attached to a fluorophore by different linkers.152 Even this large
modification was accepted by OGA and in contrast to expecta-
tions based on the crystal structure, the derivative with the
shortest linker was best accepted. For metabolic engineering in
living cells, they provided an anomerically phosphorylated
derivative of the fluorophore-modified GlcNAc. Fehl and cow-
orker reported photocaged 6AzGlcNAc-1-phosphate derivatives
for a controlled, spaciotemporal release of the sugar in cells.153

Using UDP-GlcNAz and Ac4GalNAz, Vocadlo and coworkers
discovered that O-GlcNAcylation plays a crucial role in stabilizing
nascent polypeptide chains before they are released from the
ribosome.154 Specifically, they showed for the protein Sp1 that
the nascent polypeptide chain is even heavier glycosylated than
the mature protein and that this glycosylation prevents premature
polyubiquitination and degradation by the proteasomal machin-
ery. In following studies, the method was refined, and with a
tandem metabolic labeling approach additional proteins were
discovered, which are co-translationally O-GlcNAcylated (Fig. 7C
and D).155 Here, Ac4GalNAz serves as an O-GlcNAc reporter and
O-propargyl-puromycin (OPP) was used to terminate translation
and release truncated proteins from the ribosome. A combination
of orthogonal labeling of the sugar derivative as well as the
propargyl modification of puromycin by CuAAC and two conse-
cutive immunoprecipitation steps allowed the enrichment of
O-GlcNAcylated truncated proteins, which could be further iden-
tified by LC-MS/MS.

The Wittmann and Zumbusch groups used Ac4GlcNCyoc
and IEDDA labeling to visualize O-GlcNAcylation of eGFP-tagged
proteins inside living cells by FLIM-FRET microscopy.78 With this
technique, it was possible to show the localization and extent of
glycosylation of a specific protein of interest. The protein p53-eGFP
was detected in the nucleus and Foxo1-eGFP in the cytosol
(Fig. 7E). Interestingly, Akt1-eGFP was found to be located in the
cytosol as well as in the nucleus, but O-GlcNAcylation of the
protein was increased in the nucleus as detected by a decreased
fluorescence lifetime of eGFP in the nucleus compared to that in
the cytosol. A similar approach was reported in fixed cells with
Ac4GalNAz as an O-GlcNAc reporter in combination with CuAAC156

or SPAAC labeling157 to visualize the glycosylation of eGFP-tagged
tau and b-catenin, respectively, by FLIM-FRET microscopy.

In 2018, Chen and coworkers showed that peracetylated
sugars can lead to non-specific cysteine labeling in cells,158

which was later also confirmed by others.159 This is especially
problematic when investigating glycosylated proteins in the
cytosol or in the nucleus and can lead to false positive hits
for O-GlcNAcylated proteins. In a subsequent work, the mecha-
nism behind this artificial S-glycosylation was revealed.160

Anomeric deprotection of a peracetylated sugar and ring
opening can promote a b-elimination of the 3-O-acetyl group.
Subsequently, thiols can attack the so formed a,b-unsaturated
aldehyde in a Michael addition leading to 3-thiolated sugars. A
strategy to prevent this event is, for example, the use of 1,6-di-O-
propionyl-GalNAz (1,6-Pr2GalNAz), a derivative lacking the 3-O-
acetly group necessary for the b-elimination step.

The group further investigated the interplay of membrane
permeability and the tendency to give artificial S-glycosylation
with differently acylated GalNAz derivatives.161 With 1,3-di-O-
propionyl-GalNAz (1,3-Pr2GalNAz), the best performing sugar in
this study, the O-GlcNAcylation and its importance for pluripotency
of the embryonic transcription factor ESRRB was reported.
Recently, 1,3-di-O-propionyl-GlcNAl (1,3-Pr2GlcNAl) was used
to identify O-GlcNAcylated proteins in transgenic mice expressing
a mutant of UDP-GlcNAc pyrophosphorylase AGX2 in heart
tissue.162 Anomerically fatty acid-modified GlcNAlk derivatives
were presented by the Pratt group as another possibility to prevent
nonenzymatic S-glycosylation.163 The fatty acid ester can be also
cleaved inside cells and compensates for the increasing polarity
due to the lack of acetyl groups. This makes the sugar still readily
accessible by passive diffusion.

The Kohler group introduced a GlcNAc derivative with a
diazirine modification, Ac4GlcNDAz, for photocrosslinking
and identification of interaction partners of O-GlcNAcylated
proteins.164 However, they could not detect the formation of
UDP-GlcNDAz, when cells were cultured with the peracetylated
sugar. This obstacle could be circumvented by using an anom-
erically phosphorylated version of the diazirine-modified sugar,
Ac3GlcNDAz-1-P(Ac-SATE)2, in combination with a mutated
version of UDP-GlcNAc pyrophosphorylase AGX1. Later, they
showed that OGA does not accept O-GlcNDAz-modified pro-
teins as a substrate,165 and recently, an updated synthesis for
phosphorylated sugar derivatives was reported.166

4.3 Studying glycosyltransferases

In the last years, a new field of application of MGE emerged,
which is the investigation of the substrate scope of polypeptide
N-actylgalactosaminyltransferases (GalNAc-Ts). The class of
GalNAc-Ts is a complex family of 20 paralogs, which catalyze
the first step of the formation of mucin-type O-glycoproteins.
They can significantly differ in their substrate scope and
preference, and little is known about these processes. Adapting
MGE to specifically investigate GalNAc-Ts makes the following
studies a good example of how chemical tools can help to
answer biological questions.

The Bertozzi group developed an approach to selectively
investigate the acceptor substrate of a specific GalNAc-T.167

A set of UDP-GalNAc derivatives with unusually bulky azide or
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alkyne modifications in the N-acetyl position was tested with
the goal to find a compound, which is not accepted by wild-type
GalNAc-Ts (Fig. 8A and B). Then, the binding pocket of a
GalNAc-T was mutated to accept the bulky modification. At
the same time, the mutated enzyme lost the affinity for the
natural substrate UDP-GalNAc. Screening of enzyme activity

and turnover rates resulted in a mutated enzyme with good
activity for the new bulky substrate. The setup was tested with
model peptides as acceptor substrates originating from known
O-glycosylated proteins. The described method was further
developed to be used in cells to identify proteins, which are
glycosylated by GalNAc-T1 or GalNAc-T2.168 The mutated
enzyme was expressed in cells and the expression platform
was proofed to be functional with bulky alkyne modified
GalNAc derivatives. To deliver the substrate in living cells, the
GalNAc derivative was anomerically phosphorylated to allow
successful biosynthesis of the corresponding UDP-GalNAc deri-
vative. With an acid-labile biotin–azide conjugate, glycopro-
teins were enriched and identified by LC-MS/MS analysis.

In a similar work, a bulky azide-modified GalNAc derivative
(GalNAzMe), which is not converted into the GlcNAc derivative
by the epimerase GALE, was designed.169 To use this sugar
derivative in living cells, it was again applied as an anomerically
phosphorylated derivative in combination with a mutated
pyrophosphorylase AGX1. In this way, a more precise carbohy-
drate derivative for MGE was obtained to investigate O-linked
GalNAc glycosylation. Furthermore, the derivative was used for
high-resolution imaging of the cell surface and imaging of
organoids.

Schumann and coworker identified the pyrophosphorylase
AGX1 as the metabolic bottleneck of the GalNAc and GlcNAc
salvage pathways.170 AGX1 catalyzes the formation of UDP-GalNAc
from GalNAc 1-phosphate and UTP and UDP-GlcNAc from GlcNAc
1-phosphate and UTP, respectively. This bottleneck was shown to
be responsible for the inefficient incorporation of the alkyne
derivatives Ac4GalNAlk and Ac4GlcNAlk. A mutated version of
AGX1 improved the incorporation for better cell surface imaging
and showed a different labeling pattern compared to the azide
derivatives Ac4GalNAz and Ac4GlcNAz (Fig. 8C). Another study
compared the ionization efficiency and fragmentation behavior of
synthetic glycopeptides with azide- or alkyne-modified GalNAc
derivatives after bioorthogonal derivatization with different
tags.171

4.4 Modification of the extracellular matrix

The extracellular matrix (ECM) is part of tissue structures
especially occurring in conjunctive tissue and responsible for
the organization and stability of tissue.172 It is located in the
intercellular space and built up by fibrous proteins and glycosa-
minoglycans (GAGs). Moreover, the ECM has not only structure-
giving capabilities but also other functions including signal
transduction between cells, morphogenesis, cell differentiation
and homeostasis.173,174 The ECM can be used to generate cell-
derived matrices (CDM), which can serve as biomaterial for
application in regenerative medicine, 3D cell culture or for
studying cell and tissue physiology.175,176 Although CDMs are
good mimics of cellular or tissue environments, the absence of
specific targeting functionalities can be adverse. Engineering
the ECM by MGE provides options for altering properties of the
resulting CDM. The generation of such functionalized ECMs can
be achieved by cultivating fibroblasts177 or mesenchymal stem
cells178 in presence of synthetic sugar derivatives. These cell

Fig. 8 (A) Illustration of the screening for an orthogonal enzyme-
substrate pair for GalNAc-T2. Shown is the scheme for the glycosylation
reaction with a model peptide to obtain information about GalNAc-T2
activity with different modified UDP-GalNAc derivatives. Reproduced with
the permission from ref. 167. Copyright 2019, American Chemical Society.
(B) Influence of different residues in the N-acetyl position on the efficiency
of the glycosylation reaction shown in A. Reproduced with the permission
from ref. 167. Copyright 2019, American Chemical Society. (C) Illustration
of the metabilic bottelneck AGX1 and how a mutated version of this
enzyme can lead to a more efficient production of alkyne-modifed
UDP-sugars. Reproduced with the permission from ref. 170. Copyright
2019, American Chemical Society.
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types then produce a lucrative amount of ECM decorated with
bioorthogonal reporter groups. The obtained so-called click-
ECM177 can be used for several applications. ECM functionalized
with azide groups derived from Ac4GalNAz was conjugated with
an alkyne-fluorophore probe or with surface-bound cyclooctynes to
achieve a covalent coating with clickECM.177 Labeling with alkyne–
biotin enables a variety of functionalization due to many commer-
cially available streptavidin probes. Ac4GlcNAz was used to modify
the ECMnetwork derived fromNIH 3T3 fibroblasts.179,180 Moreover
it was also possible to conjugate a therapeutic peptide inhibitor
against myostatin to the azide-modified ECM.179,180 Recently, it was
shown that cyclopropenes are suitable reporter groups for the
generation of an ‘advanced clickECM’ that can be further functio-
nalized by the IEDDA reaction.181

4.5 Cancer targeting

Cancer cells differ in their metabolism in comparison to healthy
cells. In cancer cells, most proliferation mechanisms are out of
control leading to uncontainable growth. An increased metabo-
lism and altered morphology are some consequences thereof.
Cancer cells often show higher glycosylation levels; especially
sialic acids, branched cell surface glycosylation, and core fucosyla-
tion are overrepresented.182,183 These changes in cell
surface glycosylation can promote cancer cell dissociation and
invasion, influence extracellular stimuli responses, and can alter
various interactions between cells or responses to external signals.
Considering that MGE is a suitable method for the visualization of
cell–surface glycosylation, it is also a potential tool for cancer
diagnostics and therapy.

Cancer cell-specific drug delivery of cytotoxic agents requires
a high degree of specificity. Direct injection of modified carbo-
hydrate derivatives into tumor tissue of mice can achieve an
effective and specific targeting exploiting MGE. However, this
strategy is only applicable for solid and easily accessible cancer
tissue. Systemic delivery strategies, in which the sugar derivative
is encapsulated or cancer cell-specifically modified, are alterna-
tive ways to achieve delivery and uptake into cancer cells. In the
following, we present selected approaches covering different
tumor targeting strategies to achieve tumor visualization and
therapy in vitro and in vivo.

4.5.1 Exploitation of cancer cell-specific metabolism. To
achieve modification of cell surface glycan structures with azide
functionalities, mice were injected with Ac4GalNAz (Fig. 9A).

184

Subsequent treatment with a gadolinium-containing bioorthogonal
magnetic resonance imaging (MRI) probe with a TMDIBO residue
enabled labeling of the cell surface of azide-presenting cells and
thereby tomographical imaging of tumor glycosylation in vivo
(Fig. 9B). However, the probe showed also labeling of other tissues,
such as pancreas, liver, and spleen. Recently, intravenous injection
of Ac4ManNAz into mice showed a higher incorporation of azide
groups on the cell surface of lung and breast cancer cells, in
comparison to other tissues.185 Labeling of these azide-presenting
cancer cells with DBCO-Pam3CysSer(Lys)4 (Fig. 9C) led to a neoanti-
gen presentation on the cell surface. Pam3CysSer(Lys)4 is a syn-
thetic lipopeptide, which activates cellular pro-inflammatory
processes. Establishing a tumor-specific antigen circumvents

immunological tolerance against many cancer types and antigens.
However, possible off-target effects cannot be excluded.

MGE was also used as part of a cytosolic protein delivery
strategy (Fig. 9D).186 DBCO-modified proteins, including RNase
A, cytochrome c, and bovine serum albumin, were clicked to
azide-presenting tumor cells. Bringing the target cargo in direct
proximity to the cell membrane led to an efficient internaliza-
tion by the azide-labeled cancer cells. Since the internalized
RNase A largely retained its enzymatic activity, tumor growth in
mice was slowed down after intratumoral injection of Ac4Man-
NAz and labeling with DBCO-RNase A. Another strategy to label
glycoengineered tumor cells is the use of a photosensitizer
conjugated to DBCO.187 This enabled a more efficient radio-
dynamic therapy after X-ray irradiation in tumor bearing mouse
models.

A different strategy was reported in 2015, where the tumor-
associated carbohydrate antigen (TACA) GM3 was engineered to
contain the artificial structure N-phenylacetyl neuraminic acid
instead of the natural N-acetyl neuraminic acid at the end of
this glycan structure (Fig. 10A).188 TACAs are one of the most
abundant tumor-associated antigens present on the cell surface
of cancer cells and are recognized by the immune system.189,190

Fig. 9 Modification of cancer cell surface glycans. (A) Uptake and meta-
bolism of Ac4ManNAz or Ac4GalNAz by cancer cells. Cell surfaces present
azide functionalities, which enable further derivatization by SPAAC with
cyclooctyne moieties. (B) TMDIBO-MRI probe for tomographical imaging
of tumor glycans.184 (C) DBCO-Pam3CysSer(Lys)4 leads to neoantigen
presentation on cancer cells.185 (D) DBCO-RNase A as an example for a
cytosolic protein, which can be delivered to cancer cells.186
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However, immunological tolerance against TACAs of some
cancer cells is an increasing problem. A combination of MGE
and dendritic cell vaccination was a possible strategy to over-
come this obstacle.188 N-Phenylacetyl-D-mannosamine was used
as a precursor of the corresponding sialic acid and was intra-
peritoneally injected into mice. Engineered cancer cells pre-
sented the artificial carbohydrate structure named GM3NPhAc
on their surface. Mouse bone-marrow-derived dendritic cells
were pulsed with a short peptide sequence conjugated to
GM3NPhAc leading to antigen presentation on the cell surface.
Vaccination of mice with these carbohydrate-pulsed dendritic
cells lead to the development of GM3NPhAc-specific antibo-
dies. These antibodies were able to promote an immune
response and thereby retard tumor growth and metastasis.
Previous work showed that ManNPhAc is a suitable sialic acid
precursor, which can be used for in vitro and in vivo modifica-
tion of cancer cells but not normal cells.191 In the mouse
model, neither an autoimmune reaction against healthy cells
nor ManNPhAc treatment-related toxicity was observed.

In a different approach, dendritic cells were metabolically
glycoengineered with azide functionalities, allowing the labeling of
these cells with different DBCO conjugates.192 This modification of

dendritic cells enabled their tracing in mice or promoting an
immune response against tumor cells in vivo. Hereby, an
alginate gel structure was injected into mice (Fig. 10B). Den-
dritic cells were recruited to this pore-forming gel as it released
colony-stimulating factors for dendritic-cell enrichment. For
the azide modification, a triacetylated mannosamine precursor
was used and released within the gel structure to enable
selective engineering of the dendritic cells. The sugar derivative
was additionally modified with poly(ethylene glycol) methyl ether
2-(dodecylthiocarbonothioylthio)2-methylpropionate (PEGDDMAT)
at the anomeric position to improve water solubility and increase
release efficiency from hydrogels. The system allowed the con-
trolled modification and release of azide-presenting dendritic cells.
Functionalized dendritic cells were then successfully conjugated to
tumor antigens, adjuvants, cytokines, and other immunomodula-
tory agents.

Sialic acid-binding immunoglobulin-like lectins (Siglecs) are
immunomodulatory receptors present on the surface of
immune cells. Interactions between Siglecs and sialic acids play
an important role in immune system regulation, and dysfunctions
in this interaction can promote cancer progression or autoim-
mune diseases. Using MGE and subsequent bioorthogonal liga-
tion by CuAAC, sialic acids on the surface of living cells were
engineered resulting in altered binding affinity to Siglecs.193

Screening of a library of glycoengineered cells uncovered mod-
ifications with dramatically increased Siglec binding affinity of
more than 100-fold. Glycoengineered cells showed an immuno-
suppressive behavior, which might be applicable in dampen the
immune response in autoimmune disease.

4.5.2 Exploitation of the enhanced permeability and reten-
tion effect. Nanoparticles with a size range of 10–200 nm are
known to penetrate tumor vasculature.194 This phenomenon is
called enhanced permeability and retention (EPR) effect and can
be utilized as targeting strategy. However, the targeting effect of
this system is limited due to unspecific accumulation of
nanoparticles in off-target tissues, as for example liver and
spleen.195 The system can be improved by a combination of
MGE and bioorthogonal chemistry. Intratumoral administration
of Ac4ManNAz into mice has been shown to enable an effective
accumulation of intravenously injected DBCO–liposomes to
cancer cells by using bioorthogonal chemistry (Fig. 11A).196

Significant tumor targeting of DBCO–liposomes containing a
near infrared fluorescence (NIRF) dye, could be observed in
tumor tissue (Fig. 11B).196 In comparison to traditional targeting
strategies, such as targeting peptide-sequences, the use of
DBCO–liposome nanoparticles in combination with MGE and
bioorthogonal chemistry showed a greater targeting capability of
nanoparticles to cancer cells.197 Another nanoparticle-based
strategy used a DBCO nanoprobe, which encapsulated a near
infrared dye to enable photo thermal therapy of azide-presenting
tumor cells successfully in a murine model.198

Immobilizing a high number of ManNAz molecules on a
generation 4 poly(amidoamine) dendrimer (nano-MPs) via ester
bonds to the hydroxy group in the 6-position of ManNAz led to
release of the sugar and presentation of azides on heteroge-
neous tumor cells in vitro.199 Selectivity was generated due to

Fig. 10 MGE for cancer treatment. (A) Glycoengineered cancer cells
present an artificial GM3 carbohydrate structure, which can be recognized
by specific antibodies against GM3NPHAc and thereby induce immune
response.188 (B) Nanoparticles consisting of azide-modified ManNAc deri-
vatives were implemented in an alginate gel. After gel injection into mice,
dendritic cells were recruited to the gel and labeled with azides within the
gel structure. Dendritic cells can be released from the gel and ligated via
SPAAC in vivo.192
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the EPR effect arising from the nano-sized structure of the
dendrimer and the higher metabolism of cancer cells. Control
experiments with nano-MP-treated liver tissue showed a minor
amount of azide functionalities in comparison to tumor tissue.
Nano-MP injection into mice showed a successful generation of
azide groups in the target tumor tissue, whereas injection of
Ac4ManNAz was less effective.

Moreover, sugar reporters can be encapsulated in ligand-
targeted liposomes to address tumor cells (Fig. 12A).200 The lipo-
somes were modified with ligands for epitopes found on the target
cells. Upon binding, the cargo was released and the azidosugar
9AzSia, which was used in this study, was incorporated into cell
surface glycans. This kind of targeted metabolic glycan labeling
enhanced the delivery efficiency of sugar reporters for applications
in cell-specific or tissue-specific imaging or detection.

The EPR effect can additionally be enhanced by using glycol
chitosan, which increases membrane permeability and leakage
of tumor cells further.201 Intravenous injection of glycol chit-
osan nanoparticles into mice delivered Ac4ManNAz to cancer
cells and enabled the decoration of tumor cells with azide
moieties on the cell surface (Fig. 12B). Using cyclooctyne-
modified nanoparticles containing anti-cancers drugs, the
cargo was delivered specifically to azide-presenting cancer cells
in vivo. Conjugated glycol chitosan nanoparticles were also
used for a dual-modal stem cell imaging approach.202

The use of cell membranes as nanoparticle mimics has
several advantages including their excellent biocompatibility
and versatile functionality.203 T cells are promising for tumor-
targeting since immune recognition receptors on the cell
surface can be used for this puspose.204 However, this targeting
strategy has to overcome problems related to the heterogeneity
of some tumors. To improve the targeting efficacy, T cell
membranes were modified with azide groups by MGE (Ac4Gal-
NAz).205 Fluorescently labeled nanoparticles coated with azide-
labeled T cell membranes targeted BCN-presenting tumor
tissue of mice through immune recognition and bioorthogonal
chemistry. Fluorescence intensity in the tumor was 1,5-fold
compared to mice that were treated with unmodified T cell-
coated nanoparticles.

Extracellular vesicles (EVs) are membrane particles that are
secreted by nearly every cell type. They are important for inter-
cellular interactions and for the transport of biomolecules.206

These properties enable the use of EVs as diagnostic biomar-
kers and therapeutic nanomedicines. However, the direct tar-
geting to the desired destination is challenging. Using MGE to
modify these EVs by treatment of the donor cells with Ac4Man-
NAz and labeling these cells with a DBCO-polyethyleneglycol–
hyaluronic acid conjugate led to surface-edited EVs.207 This
modification enabled a directed recruitment to hyaluronic acid
receptors, which are present on tumor cells, and thereby
enabled receptor-mediated endocytosis. In vivo tests in mice
showed that edited EVs exhibited high targeting efficiency and
a longer half-life in the bloodstream.

Fig. 12 Nanoparticle-based targeting. (A) Ligand-targeted liposomes
deliver 9AzSia selectively to cells presenting corresponding receptors on
their cell surface. Reproduced with the permission from ref. 200 Copyright
2012, American Chemical Society. (B) Glycol chitosan nanoparticles can
enhance Ac4ManNAz uptake by tumor cells due to the EPR effect. In
combination with bioorthogonal click chemistry, cargos encapsulated in
nanoparticles, such as anticancer drugs, can be selectively addressed to
tumor cells.201

Fig. 11 Cancer targeting exploiting the EPR effect and MGE. (A) After
MGE, tumor cells present azides on the cell surface, which enables tumor
targeting of nanoparticles by bioorthogonal ligation. (B) NIRF images of
ex vivo tumor tissue after treatment with Ac4ManNAz or control tumors
without sugar treatment. After intravenous injection of DBCO–liposomes
containing a NIRF dye, tumor groups showed more intense NIRF signal in a
sugar concentration-dependent manner. Reproduced with the permission
from ref. 196 Copyright 2012, Wiley-VCH Verlag GmbH & Co. KGaA.
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4.5.3 Cancer targeting with glycoengineered immune cells.
Immune cells are able to kill cancer cells, however, most of
them lack tumor-specific targeting capabilities.208 Since engi-
neering of immune cells can be achieved by MGE in vitro, it is
possible to label immune cells by bioorthogonal chemistry with
ligands that are recognized by cancer-specific receptors
(Fig. 13A). Using this strategy, various approaches showed an
improved recruitment of these modified immune cells to the
tumor after injection into mice (Fig. 13B).

Natural killer (NK) cells are one example of very potent
immune cells with high anti-cancer activity, but insufficient
tumor-targeting properties. To overcome this restriction, NK
cells were labeled by MGE with an altered ligand for CD22, a
receptor belonging to the Siglec family.209 CD22 receptors are
found on the surface of B-lymphoma cells. The natural ligand
for this cancer marker is the trisaccharide Neu5Aca2–6Galb1–
4GlcNAc. To modify the natural CD22 ligand, MGE was carried
out in NK cells with a sialic acid derivative modified with a
benzoate amide at the 9 position of sialic acid (Fig. 14A). This
modification significantly enhances the binding affinity
towards CD22.210 The glycoengineered NK cells showed a
higher affinity and an enhanced killing activity for CD22-
presenting cells in vitro and in vivo (Fig. 14B and C).209

Recently, NK cell surfaces were decorated with azide func-
tionalities via MGE using 9-azido N-acetyl neuraminic acid
methyl ester.211 The tumor-targeting capacity was improved
by bioconjugation of DBCO-modified cetuximab to the azide
groups presented on the NK cell surface. Cetuximab is an
antibody, which is specific for the epidermal growth factor
receptor, and it is widely used in cancer immunotherapy. In
comparison to non-functionalized control NK cells, the

functionalized NK cells showed a significantly enhanced pro-
tection against tumor development in a mutant mouse cancer
model, which is resistant to direct cetuximab treatment.

Genetically modified T cells can also be used in cancer
therapy.212,213 The common transduction of T cells via viral
vector systems can be improved by combining it with MGE and
bioorthogonal chemistry. DBCO was immobilized on lenti-
viruses leading to an effective binding of the virus to azide
presenting T cells and thereby a more efficient uptake of the
vector.214

4.5.4 Cancer cell-specific uncaging of metabolic precursors.
Based on the idea of prodrug strategies, in which caged drugs are
administered to improve not only bioavailability but also target-
specific drug release, MGE reporters have been developed that
are metabolized in a cancer cell-specific manner. These sugar
derivatives are protected by functionalities that are only cleaved
by enzymes that are overexpressed in cancer cells. Once liberated
within the cancer cell, the sugars are further metabolized and
incorporated into the cancer cell glycans. In 2010, the Bertozzi
group used this strategy for the first time in MGE.215 Ac4ManNAz
was modified in the 6-position with a peptide sequence specific
for prostate-specific antigen protease, a serine protease that is
highly upregulated in prostate cancer. Living cells were stained
in a two-step procedure with a DIFO-biotin and a quantum dot
605-streptavidin conjugate.

Cathepsin B is a cysteine protease that is abundant in the
cytoplasm of various tumor cells. Accordingly, a cathepsin
B-specific cleavable peptide sequence (Lys–Gly–Arg–Arg, KGRR)
was connected via a p-aminobenzyloxycarbonyl linker to the
6-hydroxy group of Ac3ManNAz (Fig. 15A).216 After cellular

Fig. 14 (A) sialic acid with benzoate modification to modulate the natural
CD22 ligand on NK cells. (B) Tumor weight measurements of mice after
treatment with untreated NK cells (NK-92), metabolically engineered NK
cells (MsNK-92) or PBS as control. Tumor growth was slowed after
treatment with the modified NK cells. Reproduced with the permission
from ref. 209. Copyright 2020, American Chemical Society. (C) Images of
mice with tumors after different treatments. Mice, that were treated with
the engineered NK cells showed smaller tumors in comparison to mice,
that were treated with normal NK cells. Reproduced with the permission
from ref. 209. Copyright 2020, American Chemical Society. https://pubs.
acs.org/doi/10.1021/acscentsci.9b00956.

Fig. 13 Cancer targeting with glycoengineered immune cells. (A) Immune
cells are treated with azide-modified sugar derivatives to enable artificial
functionalization of the cell surface. After bioorthogonal ligation reaction
with DBCO conjugates, the immune cells present, for example, a cancer-
specific receptor ligand. (B) The modified immune cells can be recruited to
cancer cells leading to cancer cell death.
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uptake of the metabolic precursor, cathepsin B cleaves off the
peptide moiety and the remaining self-immolative linker elim-
inates to deliver Ac3ManNAz, which is further metabolized via
the sialic acid biosynthetic pathway. The azide groups on the
surface of the tumor cells then enabled tumor-specific fluores-
cence imaging using a DBCO-Cy5.5 conjugate. The cathepsin
B-cleavable peptide sequence was successfully applied in vitro
and in a murine model in vivo.

Replacing the anomeric O-acetyl group of Ac4ManNAz by
an ethyl glycoside efficiently inhibits metabolization of the
ManNAz derivative during MGE and subsequent fluorescent
labeling in vitro and in vivo.217 This result promptedWang et al. to
use the anomeric position of ManNAz for the attachment of a
protecting group that is specifically cleaved by enzymes over-
expressed in cancer cells.217 N,N0-Diacetyl-L-lysine attached to a
self-immolative amino benzhydryl linker was glycosidically linked
to Ac3ManNAz (Fig. 15B). Inside cancer cells, overexpressed
histone deacetylase (HDAC) removes the N6-acetyl group of lysine
followed by cathepsin L (CTSL)-catalyzed cleavage of the amide
bond between lysine and the amino benzhydryl linker. The latter
then spontaneously eliminates to liberate Ac3ManAzOH. This
dual-enzymatically triggered approach improves the tumor-
targeting efficiency and was applied to the visualization of tumor
cells via click chemistry using a DBCO–dye conjugate and to the
inhibition of tumor growth in vivo by using a DBCO–doxorubicin
conjugate.

Another approach is dependent on b-galactosidase (b-Gal), a
lysosomal enzyme that shows also high expression levels in
several tumor cells.218 Ac3ManNAz was caged in the 6-position
with a b-galactosylated self-immolative linker serving as a b-Gal
substrate. After enzymatic removal of the galactoside and sub-
sequent self-cleavage of the linker, ManNAz formed and was
metabolized to result in azide functionalization of the surface of
tumor cells. With this method it was possible to label and image
tumor cells specifically in vitro and in vivo.

4.6 Other cell-specific labeling strategies

Tracking of cells is of enormous interest for several applica-
tions including cell transplantation, stem cell therapy, tissue
engineering, and other applications. Also in these areas, MGE
has turned out to be a valuable method. To be able to track
inoculated cells in vivo and to distinguish transplanted cells
from host cells, transplantable cells were first labeled with
azides by MGE (Ac4ManNAz) before they were injected into
mouse liver.219 After intravenous injection of a DBCO–dye
conjugate, the transplanted cells could be detected in vivo.
The approach circumvents limitations of established methods
for cell labeling or tracking arising from phagocytosis of the
transplanted cells by the host macrophages. After having been
cultivated with glycoengineered donor cells, macrophages did
not present azide groups on their cell surface.219

To achieve precise tracking of human adipose-derived
mesenchymal stem cells, the cells were engineered with
Ac4ManNAz, and the azide groups were labeled with BCN-
conjugated dual-modal glycol chitosan nanoparticles bearing a
dye and a magnetic resonance probe.202 The two functionalities

Fig. 15 (A) Cathepsin B-cleavable protected ManNAz derivative (left).
Confocal microscopy images of cancer cells and normal cells after MGE
with the shown ManNAz derivative and labeling with DBCO-Cy5 (right, red
channel: Cy5 5, blue channel: DAPI). Only cancer cells are labeled,
confirming cancer specificity. Reproduced with the permission from ref.
216. Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA. (B) Metabolic
precursor for a dual-enzyme-triggered approach for tumor targeting by
MGE. Bioluminescence pictures of xenograft mice tumor growth after
different treatments. Tumor growth was slowed down after treatment
with the cancer-specific MGE reporter DCL-AAM and an anti-tumor drug–
DBCO conjugate. Control mice showed a higher tumor-dependent bio-
luminescence. Reproduced with the permission from ref. 217. Copyright
2017, Springer Nature Limited.
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improve the imaging and cell labeling of stem cells. After stem
cell transplantation into mice, the cell migration of the labeled
stem cells could be observed from the transplanted area to brain
stroke areas through magnetic resonance imaging. Adipose-
derived mesenchymal stem cells were also used for stem cell-
based therapy for liver diseases.220 The success of such therapies
heavily relies on the number of cells that are delivered to the
injured liver tissue. One approach to improve this, is to use MGE
to label the adipose-derived mesenchymal stem cells with liver-
target peptide structures via SPAAC (DBCO-conjugates).221 The
labeling increases the binding affinity of the modified stem cells
for liver tissue significantly in vitro and in vivo. In combination
with infrared dye conjugates, it was also possible to track the
injected stem cells in a mouse model.

Tissue engineering is a promising tool for replacing or
repairing injured tissue or organs.222 In this approach, donor
cells are expanded and subsequently cultured on a temporary
scaffold. One drawback of these artificial scaffolds is the lack of
biological guidance signals resulting in poor in vivo cellulariza-
tion. To overcome this limitation, a bioorthogonal labeling
strategy using a DBCO-modified polymer film has been
developed.223 Macrophages were labeled with azides by MGE
and subsequently seeded on the DBCO-modified scaffold
resulting in covalent attachment to the scaffold. The material
showed good biocompatibility and could be implanted in mice.

Telomerase-immortalized human mesenchymal stromal
cells (hMSC-TERT) were successfully labeled with different
azide-modified aminosugars without interrupting the cell dif-
ferentiation behavior in vitro.224 This allowed a more detailed
investigation of glycosylation processes during skeletal devel-
opment. MGE was also used to protect insulin-producing
pancreatic b cells.225 During type 1 diabetes, a chronic auto-
immune disease, these cells are destroyed by autoreactive T
cells. In a new translational approach based on MGE, b cells
were engineered with Ac4ManNAz and conjugated to DBCO-
modified co-inhibitory immune checkpoint molecules, which
protect b cells against autoreactive T cells by inducing antigen-
specific immunotolerance.

4.7 MGE in higher organisms

The first application of MGE in living animals was reported in
2004, when Bertozzi and coworkers used Ac4ManNAz to chemi-
cally remodel cell surfaces in mice.42 Labeling of the azides was
achieved by Staudinger ligation with a Flag peptide-labeled
phosphine either ex vivo using isolated splenocytes or even
in vivo. Since then, MGE has been carried our numerous times
in mice as discussed in the previous sections.

4.7.1 Zebrafish. In 2008, Bertozzi and coworkers used Ac4Gal-
NAz to study the glycosylation in developing zebrafish.226 Zebra-
fish embryos were incubated with unnatural sugar and labeled
by SPAAC with different DIFO–dye conjugates at different
time points allowing a spatiotemporal analysis of mucin-type
O-glycans during development. In another study, MGE with
Ac4GalNAz was combined with additional labeling of sialic acids
by oxidizing the sialic acids with sodium periodate and labeling
with an oxyamine–dye conjugate.227 Later, the visualization of
fucosylated glycans in zebrafish after microinjection of GDP-
Fuc6Az into the embryo and staining by SPAAC with a DIFO–dye
conjugate was reported.228 A cyclooctyne-modified sialic acid deri-
vative, BCNSia, and its labeling by IEDDA reaction with a tetrazine–
dye conjugate enabled the visualization of sialylated glycans in
living zebrafish embryos.126 Wu and coworkers showed that a
fluorophore-tagged CMP-sialic acid derivative and GDP-fucose deri-
vatives delivered by microinjection were incorporated into glycan
structures in zebrafish embryos (Fig. 16).229 The direct attachment
of the fluorophore to the sugar allowed the trafficking of the sugar
probes and their turnover. An alkyne-modified UDP-Gal derivative,
UDP-6AlGal, delivered by microinjection was found to be incorpo-
rated into N-glycans in zebrafish embryos and allowed to study
glycoproteins, the glycan structure as well as the responsible
glycosyltransferases.230

4.7.2 Plants. The origin of most monosaccharides in living
organisms is the oxygenic photosynthesis. Whereas mamma-
lians are dependent on carbohydrate supply by ingestion,
plants are able to produce hexoses by sunlight and CO2. Plants
have, in comparison to animals, additional saccharides to build
up structural elements, such as their cell wall. Conventional
methods for cell wall imaging have serval drawbacks, like the
usage of antibodies, which are only specific for various glycan
epitopes. MGE is a suitable tool for imaging plant structures, even
in living plants.231 First, FucAl was successfully incorporated into
Arabidopsis roots.232 This gave new insights into the development
of pectin structures. Screening various sugar reporters showed
different aptitudes for their application in plant cell labeling.233

Ac4FucAl, Ac4FucAz, Ac4Me8AzKdo, Ac4GlcNAz, and Ac4GalNAz
and Ac4GlcNCp lead to robust staining after labeling with a
fluorescence dye in Arabidopsis roots. Later, various monsachar-
idens, like N-acetylglucosamine, N-acetylgalactosamine, L-fucose,
and L-arabinofuranose bearing azide groups, were used in MGE
experiments in Arabidopsis.234 In combination with IEDDA sugar
reporters, dual labeling in plant cells was possible. In a triple
labeling approach, SPAAC, CuAAC, and IEDDA were used to
investigate cell wall formation. Among other reporters, an
alkyne fucose derivative was employed.235 3-Deoxy-D-manno-oct-
2-ulosonic acid (Kdo) is part of a cell wall pectin. Azide modified

Fig. 16 Lateral view of zebrafish embryos injected with Cy3-modifed
GDP-Fuc and Cy5-modifed CMP-Sia. Reproduced with the permission
from ref. 229. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA.
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Kdo in combination with click chemistry was used for in muro
vizualisation.236 Tobacco or Arabidopsis seedlings were incubated
with the sugar reporter and afterwards labeled with a dye. These
MGE experiments represent a tool for the investigation of synth-
esis and redistribution of cell wall pectins. Bedsides acting as
structure-giving elements (e.g. as cell wall components), carbohy-
drates are also present as N-glycans on plant proteins. Ac4GlcNAz
can be used to visualize thisN-glycan structures after labeling with
an alkyne–dye conjugate via Cu-click chemistry.237 This gives a
hint to the presence of a GlcNAc salvage pathway in plants.

5. Conclusions

Three decades after the first publications of the Reutter group
on the metabolization of ManNAc derivatives with a modified
N-acetyl side chain by the enzymes of the sialic acid biosynthesis
pathway, MGE has evolved into a mature technique to visualize
glycan structures in cells and even whole organisms or to isolate
glycoconjugates after attachment of a suitable probe by bioortho-
gonal chemistry. More recently, targeting strategies based on
bioorthogonal ligation after MGE have been realized even in
living animals providing promising new approaches for selective
drug delivery and tumor diagnosis. Despite these achievements,
several challenges remain to be addressed by future research.
These include (i) the development of more selective carbohydrate
derivatives that end up as the desired sugar and at the desired
site of modification within glycoconjugates and do not lead to
unspecific labeling, for example artificial S-glycosylation, (ii) the
development of improved carbohydrate derivatives that can be
derivatized by suitable ligation chemistries inside living cells
without toxic catalysts and the components of which are not
attacked by thiols present inside cells in high concentrations,
and (iii) the improvement and extension of cell type- and tissue-
specific targeting strategies. Further exiting developments of
MGE can be expected in future.
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BioChem, 2013, 14, 205–208.
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