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Carbohydrates on cell surfaces play a crucial role in a wide variety of biological processes,
including cell adhesion, recognition and signaling, viral and bacterial infection, in°ammation and
metastasis. However, owing to the large diversity and complexity of carbohydrate structure and
nongenetically synthesis, glycoscience is the least understood ¯eld compared with genomics and
proteomics. Although the structures and functions of carbohydrates have been investigated by
various conventional analysis methods, the distribution and role of carbohydrates in cell mem-
branes remain elusive. This review focuses on the developments and challenges of super-resolution
imaging in glycoscience through introduction of imaging principle and the available °uorescent
probes for super-resolution imaging, the labeling strategies of carbohydrates, and the recent
applications of super-resolution imaging in glycoscience, which will promote the super-resolution
imaging technology as a promising tool to provide new insights into the study of glycoscience.
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1. Introduction

Carbohydrates, similar to nucleic acids, proteins
and lipids, constitute one major class of molecules in

living systems. Carbohydrates on cell surfaces carry

abundant information about the cell for the inter-

actions with the outside environment or other cells.

**Corresponding authors.

This is an Open Access article published by World Scienti¯c Publishing Company. It is distributed under the terms of the Creative
Commons Attribution 4.0 (CC-BY) License. Further distribution of this work is permitted, provided the original work is properly
cited.

Journal of Innovative Optical Health Sciences
Vol. 9, No. 3 (2016) 1630007 (16 pages)
#.c The Author(s)
DOI: 10.1142/S179354581630007X

1630007-1

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
6.

09
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 1

03
.2

40
.1

26
.9

 o
n 

10
/2

1/
18

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.

http://dx.doi.org/10.1142/S179354581630007X


With carbohydrates being linked to proteins or
lipids, numerous glycoproteins and glycolipids are
formed on cell membranes. At the molecular level,
carbohydrates in membrane proteins are known to
modulate protein solubility, tra±cking, and signal-
ing by a®ecting its folding, structure, and func-
tion.1–3 In biological systems, carbohydrates also
play vital roles in various physiological and patho-
logical processes. The increasing ¯ndings indicate
that carbohydrates are involved in cell di®erentia-
tion and development, cell adhesion and motility,
recognition, signaling, and immune response.4–6

Importantly, alterations in glycosylation are repor-
ted to be associated with diverse diseases, including
viral and bacterial infection, in°ammation, tumor-
igenesis, cancer di®erentiation, and metastasis.7–10

In spite of ubiquitous distribution and signi¯cant
functions of carbohydrates, owing to the diversity
and complexity of carbohydrate structures, carbo-
hydrates are the least understood molecules among
the four major types of biomolecules (nucleic acids,
proteins, lipids and carbohydrates).

As an indispensable membrane component, car-
bohydrates participate in the organization of the
plasma membrane, owing to their positions and
diverse functions. However, the traditional struc-
ture models of the plasma membrane are proposed
without appropriately considering the role of car-
bohydrates, suggesting that the plasma membrane
is laterally compartmentalized with various mem-
brane microdomains, and covered by a thick layer of
numerous carbohydrates.11–14 However, recent
¯ndings by Wang et al.15,16 imply that the proteins
on the ectoplasmic side of cell membranes form a
dense protein layer on the top of a lipid bilayer, and
the carbohydrates stay in microdomains at the ec-
toplasmic side to participate in various recognition
processes. Besides, glycosylated membrane proteins
have been reported to aggregate into microdomains
on the plasma membranes via super-resolution im-
aging.13,17–19 Therefore, a deep study of carbohy-
drates is necessary to reveal the comprehensive
organization of plasma membrane.

In the past few years, scientists devoted great
e®ort to develop new methodologies and new tools
for isolation, characterization, synthesis, and anal-
ysis of carbohydrates. Many kinds of enzymatic
treatments were utilized to isolate monosaccharides
from the complex carbohydrates, including endo-
glycosidases, exoglycosidases and potentially de-
structive chemical cleavage agents (ozone or sodium

periodate). Capillary electrophoresis (CE),20 high-
performance anion-exchange chromatography
(HPAEC),21 and high-performance liquid chroma-
tography (HPLC)22 were applied to separate car-
bohydrates. A series of improvements based on
mass spectroscopy (MS) have particular signi¯cance
in analyzing the sequences and structures of car-
bohydrates.23 Microarray-based technologies have
been increasingly applied for comprehensive analy-
sis of glycomics, identi¯cation of the glycosylation
patterns of glycoproteins, and the interaction of
carbohydrate–proteins, including carbohydrate
microarrays, lectin microarrays, and glycoprotein
microarrays.24–26 In spite of obvious advance, these
aforementioned methods and tools require prior
separation of the attached carbohydrates from their
core proteins (in HPLC, CE, MS, NMR, etc.) and
are involved in time-consuming analytical and
synthetic processes. In fact, a complete under-
standing of carbohydrate requires a more compre-
hensive study of glycoscience, particularly in the
spatial distribution and the relationship with other
related molecules which are rarely investigated.
Recently, °uorescent imaging has been imple-
mented to visualize the glycosylation process and
identify the carbohydrate functions in cells or
organisms,27,28 but the detailed distribution of car-
bohydrates or interactions of glycoconjugates can-
not be acquired due to the limitation of imaging
resolution. Fortunately, super-resolution °uores-
cence imaging with rapid development is a promis-
ing valuable tool in the carbohydrate study of cells,
because of its predominant resolution at the nano-
scale level.29,30

In this review, we mainly introduce the principle
of super-resolution imaging, the °uorescent probes
available for super-resolution imaging, some com-
mon labeling methods for carbohydrates, and the
applications of super-resolution imaging in the study
of glycoscience.

2. The Principle of Super-Resolution

Imaging

With overcoming the di®raction barrier and signi¯-
cantly improving spatial resolution in all three
dimensions over conventional lightmicroscopy, super-
resolution °uorescence microscopy is able to elucidate
biological processes at the molecular scale through
observing previously unresolved details of cellular
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structure. It includes techniques with spatially pat-
terned excitation, i.e., stimulated emission depletion
(STED) microscopy,31,32 reversible saturable optical-
ly linear °uorescence transitions (RESOLFTs)33

and saturated structured-illumination microscopy
(SSIM),34 as well as techniques termed as single-mol-
ecule localization microscopy (SMLM), i.e., (direct)
stochastic optical reconstruction microscopy ((d)
STORM),35,36 (°uorescence) photoactivated locali-
zation microscopy ((f)PALM).37,38

Here, we mainly introduce the imaging principle
of SMLM. Generally, a typical biological sample la-
beled with extremely high density of °uorophores is
di±cultly resolved by the single molecule localiza-
tion approach. However, with an ability to switch
between a non°uorescent and a °uorescent state by
exposure to light, photoswitchable °uorescent
probes positioned in close proximity can be activated
at a quite low density at di®erent time points by a
weak activation laser illumination, as a result, only a
sparse subset of molecules in a given region is imaged
and localized with high precision. After these °uo-
rescent molecules are deactivated, a new subset is
activated and then localized. This cycle of activa-
tion, localization, and deactivation is repeated to
acquire a su±cient number of localizations, and a
high resolution image is reconstructed from numer-
ous localizations. Therefore, based on the imaging
principle, the resolution of ¯nal image is determined
by the precision of localization and the localization
density, rather than limited by di®raction.

3. Fluorescent Probes Suitable for
Super-Resolution Imaging

Fluorescent probes available for super-resolution
imaging can be switched from a non°uorescent \o®"
state to a °uorescent \on" state by irradiation
with light, and then back again to the \o®" state.
They normally include photoswitchable °uorescent
proteins (psFPs) in (F)PALM,39 standard organic
°uorophores in dSTORM,40,41 pairs of organic
°uorophores-combinations of activator and reporter
°uorophores in STORM,35,42 and other emerging
small molecule labeling probes.43–46

3.1. Photoswitchable °uorescent

proteins

Most psFPs in (F)PALM are synthesized in their
\o®" state and switched \on" by low doses of near-

UV light (� 405 nm). Then, they emit a burst of
photons and are switched \o®" again through pho-
tobleaching. The common psFPs include Dronpa,
Padron, EosFP, tdEos, mEos2, PAmCherry1, and so
on. Their detailed properties have been comprehen-
sively demonstrated in some reviews39,47 Overall,
°uorescent proteins are much smaller (a barrel with
dimensions 2.4 nm � 4.2 nm) than °uorophore-
linked antibodies (the size of an IgG antibody is� 10
nm) which are typically used in dSTORM and
STORM imaging.48 Besides, psFPs are genetically
fused to target proteins and endogenously expressed
in cells and organelles.49 Therefore, their outstand-
ing advantages are imaging in live cells and achieving
single molecule trajectory.50,51 However, the prob-
lem of maturation needs more cautions, and endog-
enous protein tagging should demonstrate the
viability of wild type cells. Additionally, compared
with standard organic °uorophores, lower photo-
stability and brightness of psFPs as used in PALM
will produce a lower resolution image.

3.2. Photoswitchable °uorescent dyes

Small organic °uorophores can be switched between
a bright \on" and a long-lived dark \o®" state upon
irradiation with di®erent wavelengths in the ab-
sence52 or presence of a second activator °uor-
ophore53 when imaged in bu®ers containing oxygen
scavengers and/or reducing agents. Upon excita-
tion, the °uorophore is cycled between the singlet
ground state and the ¯rst excited state with emit-
ting °uorescence photons. In intersystem crossing,
the triplet state is quenched by molecular oxygen or
appropriate reducing agents, consequently, singlet
oxygen repopulates the singlet ground state or the
°uorophore radical anion is generated. Generally,
the °uorophore is expected to cycle several times
between singlet ground and excited state to gener-
ate as many detectable photons as possible before
the triplet state is reduced and a very stable \o®"
state is generated (with lifetime of seconds to min-
utes). A wide variety of conventional °uorescent
dyes can be used as reversible photoswitches in the
presence of imaging bu®er, including cyanine dyes
(i.e., Cy5, Cy5.5, Cy7 or Alexa Fluor 647, 680, and
700), rhodamine dyes (Alexa Fluor 488, 532, Cy3),
oxazine and thiazine dyes (i.e., methylene blue,
ATTO 655, and ATTO 680). More details of stan-
dard organic °uorophores can refer to the litera-
tures.41,54 With advantages of high photostability
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and high photon yield, photoswitchable °uorescent
dyes are e±cient probes for super-resolution
imaging, especially for (d)STORM imaging. How-
ever, most °uorescent dyes are involved in redox
chemical processes during imaging process; as a re-
sult, they are di±cult to be available for live-cell
imaging. Thus, more novel °uorophores or com-
bined labeling strategies which enable live-cell
localization should be developed. For example,
G. Lukinavičius et al. synthesized a biocompatible
near-infrared silicon-rhodamine probe suitable for
live-cell super-resolution imaging, with being cou-
pled speci¯cally to proteins using di®erent labeling
techniques.55 R. Wieneke et al. developed a small
labeling pair (SLAP) based on a synthetic small-
molecule recognition unit (Ni-trisNTA) and the
genetically encoded minimal protein His6�10-tag to
label target molecules with high density to ful¯ll the
necessary sampling criteria for SMLM.56 As seen in
Fig. 2, with conjugating Alexa 647 to Ni-trisNTA
allowing to make bene¯ts of organic dyes (small
size, superior quantum yield, photostability), they
performed dSTORM imaging to visualize the His10-
tagged proteins (actin and laminA) via SLAP.

3.3. Emerging small molecular

labeling methods

In recent years, other e®ective labeling strategies
have been developed to label di®erent types of
biomolecules. Especially, small probes have been
applied to label the targets with high density for
accurate super-resolution imaging. Ries and collea-
gues ¯rstly demonstrated that small nanobodies
(13 kDa, � 3 nm) contributed to improve the pre-
cision of molecular localization in GFP-based

PALM microscopy.57 Single-chain antibody frag-
ments (nanobodies) against tubulin was engineered
to achieve super-resolution imaging of microtubules
with a decreased apparent diameter.58 In parallel,
aptamers (short single stranded oligonucleotides
(� 15 kDa, � 4 nm), as small as nanobodies, can
also bene¯t the STED imaging when compared with
antibody staining,59 as seen in Fig. 3. Moreover,
bio-orthogonal click chemistry, by incorporating a
unique chemical group (i.e., azide or alkyne) into a
target molecule (i.e., nucleotide, nucleoside, amino
acid, monosaccharide, or fatty acid) through the
cell's own biosynthesis machinery, has been utilized
in super-resolution imaging with improving bio-
compatibility and labeling condition. Zessin and
colleagues are the ¯rst to successfully combine
5-Ethynyl-20-deoxyuridine (EdU) labeling and
dSTORM technology for super-resolution imaging
of DNA.60 Although these emerging probes can
improve the imaging quality of SMLM in some
aspects, the category of biomolecules labeled by
these strategies is limited and impedes their wide
applications in super-resolution imaging.

The ideal labeling probes in super-resolution
imaging are small, bright, and photostable °uor-
ophores which can preferably and directly attach to
the molecule of interest. Therefore, more e®ective
°uorescent probes need to be developed or improved
to bene¯t super-resolution imaging.

4. The Strategies of Labeling

Carbohydrates

Because of the low a±nity to carbohydrates
which principally depend on numerous hydroxyl

Fig. 1. Imaging principle of SMLM. The di®raction-limited epi-°uorescence image where all °uorophores emit photons (panel 1).
For SMLM, a majority of °uorophores are switched to a dark state, allowing subsets of °uorophores to be imaged without spatial
overlap and to be localized at high precision (panel 2). The activation and imaging processes are iterated to accumulate thousands of
frames of single-molecule emissions (panel 3) and a super-resolution image is reconstructed from numerous localized emissions (panel
4). Adapted with permission from Ref. 29.
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groups, as well as the large diversity and complexity
of carbohydrate structures, it is more di±cult to
develop the recognition molecules for binding
carbohydrates than proteins. So far, carbohydrate-
recognition molecules mainly include natural lec-
tins, synthetic lectins from organic chemistry, small
biological molecules (aptamers and peptides) and
engineering of neo-lectins from glycosidases and
lectins. Here, we focus on the natural lectins, apta-
mers and peptides that are most potential to be
utilized to label carbohydrates in super-resolution
imaging. Besides, the bio-orthogonal metabolic la-
beling of carbohydrates is increasingly improved for
imaging of some types of carbohydrates.

4.1. Natural lectins for recognizing
carbohydrates

Generally, lectins are thought to be superior to anti-
carbohydrate antibodies. The most important rea-
son is the limited speci¯city of anti-carbohydrates
antibodies. Considering the structural diversity of
carbohydrates, we need to prepare a set of anti-
bodies (the number of antibody>10,000) to identify
all probable carbohydrates. On the other hand, the
precise a±nity of anti-carbohydrate antibody is not
determined systematically. Thus, speci¯c anti-
antibodies are not suitable for comprehensive car-
bohydrate analysis. However, a repertoire of lectins
can work for this purpose with their board

(a) (d)

(b) (e)

(c) (f)

Fig. 2. Single-molecule super-resolution imaging of His10-tagged proteins labeled with Ni-tris-NTAAlexaFluor647. Compared with
conventional °uorescence images (a) and (d), reconstructed dSTORM images of actin (c) and laminA (d) exhibit higher optical
resolution. Magni¯cations of boxed areas illustrate the high-density labeling and superior resolution obtained by using SLAP. Scale
bars are 5 �m in (b), 2.5 �m in (e), and 0.5 �m in (c) and (f). Adapted with permission from Ref. 56.
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speci¯city from their ubiquity and great variety.
Overall, because of commercial availability, stabil-
ity, diverse speci¯cities, and economy, natural lec-
tins are the most widely used in study of
glycoscience among diverse bio-recognition mole-
cules of carbohydrates.

Lectins can speci¯cally recognize free carbohy-
drates and those presenting on glycoconjugates
without altering the structure of carbohydrates or
conjugated molecules. As a consequence, lectins
play a signi¯cant role in deciphering the glyco-code.
Routinely, lectins are exploited to label speci¯c
carbohydrate-epitopes on cell surfaces, characterize
carbohydrate structures, and purify glycoproteins
in a variety of analysis technologies (i.e., °ow
cytometry, histochemical staining, western blot
analysis, lectin-a±nity chromatography). Recently,
lectin-based glyco-biosensors and lectin microarrays
have been widely applied in biotechnology, diag-
nostic, and therapeutic researches, with the ability
to directly analyze even crude samples containing
glycoproteins and reveal the di®erential pro¯les of
carbohydrates on various cells.61 Additionally, lec-
tins are linked with °uorescent molecules to form
speci¯c carbohydrate probes used for locating the
cell surface carbohydrates via conventional °uo-
rescence microscopy. For example, Lescar et al.
utilized biotin or Cy5-linked Helix pomatia agglu-
tinin (HPA) for locating GalNAc on various cancer

cell lines, with negative control experiments show-
ing the labeling is dependent upon the presence
of carbohydrate epitopes, as shown in Fig. 4.62

4.2. Small biological molecules:

Aptamers and peptides

Higher a±nity and speci¯city of aptamers make
them as attractive alternatives to lectins or anti-
bodies in detection probes of carbohydrates. Gen-
erally, systemic evolution of ligands by exponential
enrichment (SELEX), along with repetitive cycles
of selection and ampli¯cation, is a powerful selec-
tion method for various aptamers of the speci¯c cell
surface biomarkers.63 It utilizes a random library of
oligonucleotide candidates for the in vitro selection
of ssDNA and RNA molecules with best binding
speci¯city to an a±nity immobilized target, then
these selected ssDNA and RNA are retained and
ampli¯ed to be selected again in a new cycle, as seen
in Fig. 5. So far, several aptamers have been
reported using various types of carbohydrate rec-
ognition, including monosaccharides (D-galactose,
D-glucose, and D-mannose),64 disaccharides (cello-
biose),65 oligosaccharides (sialylactose, sialyl Lewis
X (sLeXÞ),66,67 polysaccharides (cellulose, chitin,
and curdlan),68,69 and carbohydrates from glyco-
proteins (¯brinogen).70 The detailed and compre-
hensive introduction can refer to the related

Fig. 3. STED images of cells stained with the transferrin receptor (TfnR) aptamer c2 (top) or with a monoclonal TfnR antibody
(bottom). Scale bars are 3 �m in left, 1 �m in middle, and 500 nm in right, respectively. Adapted with permission from Ref. 59.

J. Chen, T. Tong & H. Wang

1630007-6

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
6.

09
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 1

03
.2

40
.1

26
.9

 o
n 

10
/2

1/
18

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



review.71 However, most carbohydrate-recognition
aptamers were developed to identify or block spe-
ci¯c carbohydrates on cell surfaces. It is rare to
utilize these aptamers for locating carbohydrates.
Therefore, there is a great development room for
imaging probes of carbohydrates, particularly in
super-resolution imaging.

Carbohydrate-recognition peptides contain nat-
ural ones and engineered ones. The natural ones are
commonly derived from natural lectins or selected
via biotechnology. Odorranalectin only composed of
17 residues is the smallest natural peptide with
lectin activity and speci¯c for fucose.72 Besides,
carbohydrate-binding peptides can be obtained by
proteinase digestion of legume lectins. For example,
�-GalNAc-speci¯c peptide is from cytisus scoparius
seed lectin,73 fucose-speci¯c one is from ulex eur-
opeus agglutinin I (UEA-I) and lotus tetra-
nogologbus agglutinin,74 GlcNAc-speci¯c one is
from UEA-II,74 and Gal-speci¯c one is from

bauhinia purpurea lectin.75 The engineered peptides
can be designed and synthesized from the crystal
structure of toxins or lectins, such as, the peptide
from pertussis toxin can bind to sialylated con-
jugates,76 the one from E-selectin was identi¯ed to
bind to SLeX;77, and the one was designed to mimic
the binding sites of siglec family.78 Additionally,
novel carbohydrate-binding peptides were acquired
by phage-display technology (a phage display ap-
proach followed by biopanning), including the
peptide against T antigen (Gal�1-3 GalNAc),79 the
ones against sialylated,80 and sulfated Lewis anti-
gens.81 With the development of high-throughput
assays and cost-e±cient chemical synthesis of pep-
tides, random sequence peptide arrays containing
1000 peptides were used with luminescent glycona-
noparticles to identify two sets of peptides that can
bind to 3 0-sialylactose and 6 0-sialylactose.82 Besides,
some modi¯ed peptides with higher a±nity
and speci¯city have been developed to better

Fig. 4. Speci¯c labeling of various tumor cells by HPA (the GalNAc-speci¯c lectin from Helix pomatia). (a) Biotin-HPA labeling of
HT29 cancer colon cells, Scale bar is 100 �m. (b) Enlarged image of the labeled cells. (c) Negative control in the presence of 100 mM
GalNAc. Cy5-HPA labeling of (d) HT29 colon cancer cell lines, and (e) human nonsmall cell lung cancer H1299. (f) Negative
labeling of IGROV1 ovarian cancer cell lines and (g) control experiment in presence of 100 mM GalNAc. (d)–(g): nuclei are blue
stained with 5 �M Hoechst 33342). Adapted with permission from Ref. 62.
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detect carbohydrates. For example, Xu et al. func-
tionalized peptides with boronic acid as °uorescent
sensors (BPFSs) for in situ recognition and di®er-
entiation of cancer-associated carbohydrates, as
well as targeted imaging of cancer cells.27 Similar to
aptamers, although numerous identi¯ed carbohy-
drate-binding peptides have been applied to detect
their speci¯c carbohydrates in cells or other organ-
isms, they are rarely used as probes in the imaging
of carbohydrates. In the near future, it is promising
to combine these aptamers or peptides with pho-
toswitchable °uorescent probes to implement super-
resolution imaging of carbohydrates, which will
make a great progress in the study of glycoscience.

4.3. Bio-orthogonal metabolic labeling
for carbohydrates

In brief, bio-orthogonal chemistry refers to chemical
reactions that can occur inside of living systems
without interaction or interference with biological
systems. Using bio-orthogonal chemistry to label
carbohydrates typically includes two steps,83 as
seen from Fig. 6. Firstly, cellular carbohydrate
substrates modi¯ed with a bio-orthogonal func-
tional group (chemical reporter) are introduced

to cells and incorporated into newly synthesized
carbohydrates. Secondly, imaging probe containing
a complementary functional group is added to label
the substrate bio-orthogonally. To successfully label
carbohydrates in living systems, some requirements
need to be ful¯lled: (1) both the reporter group
and the probe must be small and biologically inert;
(2) the functional group needs no cellular toxicity
but high selectivity; (3) the reaction should occur
in physiological environment with very fast kinet-
ics, particularly at low concentrations. A series of
developments in reporter reactions has made great
progress in the imaging of carbohydrates, such as,
the azide can be detected by reacting with phos-
phines via the staudinger ligation,84 1,3-dipolar
cycloaddition between the azide and linear alkynes
under catalysis of Cu (abbreviated CuAAC), a
variety of interactions of cyclooctynes and azides
via Cu-free click chemistry, the reaction of pyr-
adazine or dihydropyrdazine synthesized from tet-
razines with various unsaturated compounds via
inverse-demand Diels–Alder reaction, and the iso-
nitrile based click chemistry. So far, many carbo-
hydrates have been labeled with bio-orthogonal
chemical reporters, such as, sialic acid (Sia) was
metabolically labeled with its biosynthetic

Fig. 5. The general principle of the SELEX procedure for a cell surface biomarker. (1) Oligonucleotide-based library is incubated
with a target (puri¯ed cell surface biomarker, membrane extract or whole living cell or organism). (2) Using di®erent partitioning
methods (i.e., a±nity chromatography, ¯ltration, centrifugation) to remove unbound sequences. (3) Bound sequences are eluted
(i.e., urea, EDTA, competition with a ligand). (4) Ampli¯cation by PCR (or RT-PCR and in vitro transcription in the case of RNA
libraries). The selected pool then enters a new cycle of selection, repeating rounds of selection to evolve the population of the
sequences. (5) Finally, sequences are cloned and sequenced to identify the aptamers. Adapted with permission from Ref. 63.
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precursor N-azudoacetylmannisamine (Man-
NAz),84,85 N-azudoacetylneuraminic acid (Sia-
NAz),85,86 and alkynyl ManNAc.87 The core
GalNAc was labeled by feeding cells or animals
with per-O-acetylated N-azidoacetylgalactosamine
(Ac4GalNAz).28,88 The metabolic labeling of O-
GlcNAc was achieved by using per-O-acetylated N-
azidoacetylgalactosamine (Ac4GlcNAz) or
(Ac4GalNAz).89 Fucose was labeled by using per-
O-acetylated 6-azidofucose (6AzFuc)90 or per-O-
acetylated 6-alkynylfucose (alkynyl fucose).87 In
addition to the carbohydrates in cells, membrane-
associate carbohydrates in live organism (develop-
ing zebra¯sh) were ¯rstly imaged by Laughlin et al.
via the stain promoted cycloadditon of azide with a
cyclooctyne reagent bearing a gem-di°uoro group
adjacent to the alkyne (termed \DIFO" regents).91

Recently, Robinson and co-workers used cyclooc-
tyne-aptamer conjugates to label speci¯c protein
glycoforms in live cells, and showed their labeling
method can be applied to detect protein sialoforms
in mass spectrometry, western blotting, and °ow
cytometry. Unfortunately, due to poor signal-to-
noise after washing, their strategy cannot be ap-
plied to °uorescent microscopy.92 Overall, there are
some challenges in carbohydrates imaging with bio-
orthogonal chemical reporters, including (1) some
unnatural carbohydrate substrates may poorly
incorporate into the cells, (2) some designed car-
bohydrate substrates cannot speci¯cally convert to
the target carbohydrates, (3) some reported reac-
tions lack high speci¯city and have high

background °uorescence. Therefore, more e®ort
needs to be devoted in the development of bio-or-
thogonal reactions, especially those available for
super-resolution imaging.

5. Applications of Super-Resolution
Imaging Technology in Spatial

Investigation of Carbohydrates

Although super-resolution imaging technology has
been widely applied in biological ¯eld, there are
only few studies of carbohydrates via super-reso-
lution strategy reported, which may result from the
lack of suitable carbohydrate-binding probes
available for super-resolution imaging. Letschert
et al. combined super-resolution imaging and met-
abolic labeling to visualize membrane-associated
glycoproteins with subdi®raction resolution.93

They fed cells with Ac4ManNAz and Ac4GalNAz
(analogues of biosynthetic precursors ManNAc and
GalNAc) which were incorporated into cell surface
carbohydrates upon cell permeation and deacety-
lation, then metabolically labeled Sia and mucin-
type O-linked glycans by reacting alkyne-bearing
Alexa 647 with catalysis of Cu(I). Similarly, they
labeled the O-GlcNAc modi¯ed plasma membrane
proteins by using a GlcNAc analogue (Ac4Glc-
NAz). By dSTORM imaging, they found these ex-
amined carbohydrates homogeneously distributed
over the entire basal plasma membranes of U2OS
and SK-N-MC cells with high localization densities

(a) (b)

Fig. 6. General bio-orthogonal metabolic labeling strategy for carbohydrates. (a) Probe structures including an azide or alkyne at a
position of the ring allows a °uorogenic ligation with 6-modi¯ed fucose analogs. Probes react with the azido alkynyl group of
fucosides through Cu(I)-catalyzed [3 þ 2] cycloaddition and generate the °uorescence adduct. (b) Strategy for speci¯c °uorescent
labeling of fucosylated glycans in cells. The production of °uorescently labeled glycoproteins bearing modi¯ed fucose (azido fucose
shown) is caused by covalently modifying the target glycan with probes 1a or 1b. Adapted with permission from Ref. 83.

Super-Resolution Imaging in Glycoscience

1630007-9

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
6.

09
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 1

03
.2

40
.1

26
.9

 o
n 

10
/2

1/
18

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



(Fig. 7). Their work con¯rmed click chemistry
can be applied into super-resolution imaging tech-
nology to study the distribution of carbohydrates
on cell membranes.

Jiang and co-workers metabolically labeled N-
linked Sia and GalNAc with bio-orthogonal copper
(I)-catalyzed azide-alkyne cycloaddition, then con-
jugated these azide- or alkyne-tagged carbohydrates
to the controllable bleaching of °uorescent probes
(Alexa 647, Alexa 488) and ¯nally carried out dy-
namic single-molecule tracking and super-resolution
imaging of Sia and GalNAc.94 In detail, they cul-
tured PyMT (mouse mammary carcinoma cell line)
and Met-1 (the highly metastatic variant) in me-
dium supplemented with either Ac4GalNAz (which
is metabolized and installed on mucin-type O-linked
glycoproteins by the ploypeptide N-acetyl-�-galac-
tosaminyl transferase), or Ac4ManNAl (per-
acetylated N-(4-pentynoyl) mannosamine). Then,
cell-surface mucin-type O-carbohydrates and Sia
were labeled by reacting with either an alkyne or
azide-linked Alexa Flour under the catalysis of
biocompatible BTTPS/Cu(I). With reduction of
the initially high spatial density, they dynamically
tracked hundreds of di®using single molecules for
hundreds of frames and analyzed the individual
trajectories of the cell surface carbohydrates. Ad-
ditionally, with the similar labeling scheme, they
performed STORM imaging to visualize Sia in Hela
cells through labeling with Ac4ManNAl and

conjugating with Alexa 647-azide (Fig. 8). Their
work demonstrates that this metabolically labeling
method for carbohydrate can provide a carbohy-
drate-recognition probe available for super-resolu-
tion imaging of the carbohydrates in live cell
membranes.

This metabolic labeling approach coupled with
bio-orthogonal chemistry has been successfully ap-
plied to super-resolution imaging of carbohydrates.
However, there are some challenges that need to be
faced. Based on the protocol of this labeling meth-
od, we know that the labeled carbohydrates are not
the natural ones, and thus lead to a di®erent result
from the native ones. Owing to the limited types of
analogues of biosynthetic precursors of speci¯c
carbohydrate, the category of carbohydrates labeled
by this methods is a minority. Besides, some
synthesized carbohydrate precursors are poorly in-
corporated into the cell surface carbohy-
drates,89,95,96 which may lead to an incomplete
localization of carbohydrates. Moreover, most of
chemical ligation strategies are probably unsuitable
for super-resolution imaging, especially for living
cell imaging, due to their slow reactivities, high
background °uorescence, or toxicity to cells. For
example, cyclooctyne-aptamer conjugates were de-
veloped by Robinson et al. to label speci¯c glyco-
forms in mass spectrometry, western blotting, and
°ow cytometry, but except for °uorescent micros-
copy owing to poor signal-to-noise after washing.92

Fig. 7. Super-resolution imaging and analysis of cell-surface glycoproteins containing Sia or GlcNAc. Combination of click
chemistry and dSTORM imaging to visualize and analyze the carbohydrates on SK-N-MC neuroblastoma cells and U2OS cells fed
with one of the reactive azido sugars (Ac4GlcNAz, Ac4ManNAz, or Ac4GalNAz). (a) Localization density of membrane-associated
carbohydrates labeled with Alexa 647 (20 �M). Error bars are the standard error of the mean of 12–32 imaged cells. (b)–(d),
dSTORM images of glycoconjugates in the basal membrane of SK-N-MC neuroblastoma cells. (e)–(g), Enlarged images of white
boxed regions. Scale bars are 1 �m (b)–(d) and 200 nm (e)–(g). Adapted with permission from Ref. 93.
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Chen et al. performed dSTORM imaging to vi-
sualize the distribution pattern of cell surface car-
bohydrates on Vero cells, through labeling GlcNAc
with Alexa 647-linked WGA.97 They revealed the
di®erential morphologies of GlcNAc on the ¯xed
Vero apical and basal membranes at the nanoscale

resolution (Fig. 9). That is, GlcNAcs were mainly
distributed into larger clusters on Vero apical
membranes at a higher cluster density, compared
with those on Vero basal membranes. Additionally,
GlcNAc and lipid raft were reveal to be mostly
colocalizated by preforming dual-color dSTORM

(a) (b)

Fig. 8. STORM imaging of Sia in HeLa cells by metabolically labeling with Ac4ManNAl and interaction with Alexa Fluor 647
azide. (a) Single STORM image (100th frame) from a sequence. (b) The STORM image reconstructed from 480 consecutive frames.
The color bar represents the integrated °uorescent intensity of each molecule. Scale bars: 10 �m. Adapted with permission from
Ref. 94.

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 9. Super-resolution images of GlcNAcs on the Vero apical and basal membranes by labeling with Alexa 647-linked WGA.
(a) and (e) the blurry conventional TIRF images of GlcNAcs on the Vero apical (a) and basal (e) membranes. [(b) and (f)] The
corresponding dSTORM images present the re¯ned distribution of GlcNAcs on the cellular membranes with nanoscale resolution.
[(c) and (g)] The enlarged images of the boxed regions in (b) and (f) show the detailed distribution di®erences of GlcNAcs. [(d) and
(h)] The further enlarged images of three representative clusters of GlcNAcs on the apical surface and almost uniform and small
clusters on the basal membrane. Scale bars are 5 �m in (a), (b), (e), and (f), are 2 �m in (c) and (g), and 200 nm in (d) and (h).
Adapted with permission from Ref. 97.
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imaging, suggesting GlcNAc clusters in combina-
tion of lipid raft were probably as functional
domains (Fig. 10). Then, most GlcNAc clusters
became smaller or even disappeared with treatment
of methyl-� cyclodextrin that can e®ectively extract
cholesterol to disrupt lipid raft, which further con-
¯rms that the stable existence of most GlcNAc
clusters was dependent on the intact lipid raft.
Their work demonstrates that dSTORM imaging
enables to localize carbohydrates in their biological
environment on a molecular level, and a compre-
hensive view of the distributions of all carbohy-
drates on the plasma membrane will be realized
with more e®orts. Additionally, the localization
relationships with other membrane molecules can
also be revealed to provide a novel view about the
structure of cell membranes.

About the di®erent imaging results of carbohy-
drates, the main reason is thought to be di®erent
labeling methods, besides the speci¯city of cells.
Metabolic labeling method used by Letschert et al.
imaged the unnatural carbohydrates. However,
through being labeled with Alexa Fluor-linked lec-
tins, all of natural GlcNAcs on the cell membrane
were almost detected supported by the experiment
of concentration gradient.

6. Challenges and Perspectives

So far, there has been no general and accepted high
performance labeling method for localizing carbo-
hydrates via super-resolution °uorescence imaging.
Metabolic labeling method is indeed a promising
method, but with some of the above challenges.
Various lectins combined with °uorescent probes
possessing photoactivable or photoswitchable
properties can be widely and °exibly applied in
single or multi-color super-resolution imaging to
study various classes of carbohydrates. But this
method is limited to the ¯xed cells because of the
potential cross-linking of lectins to carbohydrates.
Some other probes (i.e., aptamer or peptide) have
recently been developed to label carbohydrates, but
this labeling method is rarely applied to super-res-
olution imaging of carbohydrates. Excitingly, some
aptamers or peptides have been increasingly con-
¯rmed to be suitable for super-resolution imaging of
some biomolecules (i.e., some proteins or DNA).
Therefore, there is a great promise to develop novel
°uorescent probes (i.e., aptamers or peptides spe-
ci¯c to some carbohydrates) available for super-
resolution imaging. With more probes for carbohy-
drates being utilized in super-resolution imaging,

Fig. 10. Dual-color dSTORM imaging of GlcNAc clusters and lipid-raft domains on the Vero apical membranes. [(a) and (b)]
dSTORM images of GlcNAcs and lipid rafts on the representative Vero apical surface, by being labeled with Alexa647-linked WGA
and lipid raft marker, respectively. (c) Composite graph of (a) and (b), showing that two types of molecules are mostly co-localized.
(d-up) Magni¯ed image of the red box region in (c), displaying a typical co-localized relationship of two domains, which further
illustrated by the corresponding intensity pro¯les of two domains (d-below). (e) Enlarged images of boxed regions in (c) classify
three types of positional relationships: the co-localized domains (left), the related domains (middle), and the independent domains
(right). (f) Histogram of three types of domains from 10 cells in three independent experiments. Scale bars are 5 �m in (a)–(c), and
200 nm in (d) and (e). Adapted with permission from Ref. 97.
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a better and comprehensive understanding of
carbohydrates at single molecule level will greatly
promote the development of glycoscience.
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